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FOREWORD 
Units, abbreviations, and prefixes used in this  report  correspond to the 
International System of Units (SI) a s  prescribed by the Eleventh General 
Conference on Weights and Measures  and presented in NASA Report SP- 70 12. 
The basic units for length, m a s s ,  and time a r e  me te r ,  kilogram, and second, 
respectively. Throughout the report ,  the English equivalent (foot, pound, 
and second) a r e  presented for convenience. 
The SI units, abbreviations, and prefixes most  frequently used in this report  




























square me te r  
cubic meter  
her tz  
kilogram per  cubic 
meter  
me te r  p e r  second 
radian p e r  second 
me te r  pe r  second 
squared 
radian p e r  second 
squared 
newton 
newton p e r  sq m e t e r  
sq meter  per  second 
newton- second per  
sq ~iieter 
Work, energy,  quantity of heat  
Power  
E lec t r i c  charge  
Voltage, potential difference,  
e lec t romot ive  fo rce  
E l ec t r i c  field s t reng th  
E l ec t r i c  r e s i s t ance  
E l ec t r i c  capaci tance  
Magnetic flux 
Inductance 
Magnetic flux densi ty  
Magnetic field s t reng th  
Magnetomotive fo rce  




wat t  
coulomb 
volt 
volt p e r  m e t e r  
o h m  
f a r ad  
webe r  
henry  
t e  s l a  
a m p e r e  p e r  m e t e r  
a m p e r e  
P r e f i x e s  
P r e f i x  
m e g a  
kilo 
cent i  
m i l l i  
m i c r o  
Symbol 
( N - m )  
( J / s )  
(A- s )  
(VIA) 
(A- s / V )  
(V- s )  
(V- s /A4 
( W b / m  ) 
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DEFINITION O F  A RESISTOJET CONTROL SYSTEM FOR 
THE MANNED ORBITAL RESEARCH LABORATORY 
FINAL REPORT 
VOLUME V--RESISTOJET DESIGN AND DEVELOPMENT 
By R. J .  Page  and R. A. Shor t  
INTRODUCTION 
This  r e p o r t  d e s c r i b e s  the  r e s i s t o j e t  design, development,  and t e s t s  pe r -  
f o r med  by The  Marquard t  Corporat ion under subcont rac t  to  the  Douglas 
A i r c r a f t  Company, a  component of the  McDonnell Douglas Corporat ion.  P r e -  
sented h e r e i n  a r e  r e s i s t o j e t  des ign c r i t e r i a ,  m a t e r i a l s  se lect ion,  hea t  t r a n s -  
f e r  and gas  dynamics  analyses ,  fabr ica t ion methods ,  tes t ing p rocedures ,  
and t e s t  r e su l t s .  
Two t h r u s t o r  mode ls  a r e  desc r ibed ,  both with essen t ia l ly  the  s a m e  hea t -  
exchanger  des ign:  Model I, which demons t ra ted  the feas ibi l i ty  of using 
rhen ium f o r  a l l  h igh- tempera tu re  e lements ,  and Model I1 which incorporated 
improvemen t s  to enhance the e a s e  of fabr ica t ion and assembly .  
F o r  the  f inal  configuration, a t  m e a s u r e d  speci f ic  impulse  values  of 
700 s e c  f o r  hydrogen (H2) and 320 s e c  for  ammonia  (NH3), the ove ra l l  e l e c t r i c  
ef f ic iencies ,  :: w e r e  0. 65 and 0. 45. The h e a t e r  eff iciencies w e r e  0. 96 
and 0. 86. "0 , 
Model I1 demons t ra ted  i t s  abil i ty to s t a r t  and stop suddenly f r o m  the  
high spec i f i c - impulse  condition. I t s  pe r fo rmance  was  s tab le  ove r  a n  operat ion 
per iod of 20 h o u r s  a t  > 680 s e c  f o r  H2 and 20 hou r s  a t  > 320 s e c  fo r  NH3. The 
unit was  cyc led  on and off f r o m  full  power with both H2 and NH3 f o r  a  to ta l  of 
27 hours .  An addit ional  77 hou r s  of tes t ing on the des ign-ver i f ica t ion- tes t  
t h r u s t o r  w a s  under taken before  p repara t ion  f o r  l i fe  tes t ing cur ta i l ed  the 
f u r t h e r  a c c r u a l  of t ime.  Life- tes t  da ta  will be p resen ted  in  an  addendum to 
th i s  vo lume when available. 
An influence of c e l l  p r e s s u r e  on t h ru s t  pe r fo rmance  ( a t  the 0. 044-N 
[ lo-mlbf]  l eve l )  was d i scovered  and evaluated. Cel l  p r e s s u r e s  l e s s  than 
0. 1  p.m Hg a r e  requ i red  f o r  negligible influence. All the  repor ted  t h ru s t  
va lue s  (hence ,  speci f ic  impulse )  h e r e  a r e  conserva t ive  compared  to those 
ach ievab le  in  space .  
An addendum to  th i s  volume is in the p r o c e s s  of preparat ion.  This  will 
r e p o r t  t h e  r e s u l t s  of a  720-hour l i fe  t e s t  on s i x  Model 11 t h ru s to r s ,  two 
ope ra t i ng  o n  H2 arld f o ~ r  sn NH3. The r e su l t s  of such  t e s t s  a s  t he se  will 
m o r e  a c c u r a t e l y  def ine  the spec i f i c  impulse  and t e m p e r a t u r e  levels tc he 
a s s o c i a t e d  with the Model 11. 
MODEL I DESIGN 
I The des ign  of the  Model I  t h r u s t o r  was  b a s e d  on a  30-kW concen t r i c - tube  
I r e s i s t o j e t  built  f o r  the  Ai r  F o r c e  about 3  y e a r s  ago. The 30-kW unit  p ro -  
duced a  spec i f i c  i m p u l s e  of 860 s e c  o n  H2 and a n  o v e r a l l  t o t a l  power eff iciency 
of 8170. The des ign of th is  unit h a s  s i n c e  been twice  s c a l e d  downward,  an  
o r d e r  of magni tude  e a c h  t ime .  The  f i r s t  o rde r -o f -magn i tude  reduc t ion  to  
3-kW produced a  t h r u s t  of 0. 65 N (66. 5  g r a m s  f o r c e )  a t  a  spec i f i c  i m p u l s e  of 
840 s e c  on H2. Th i s  r e p o r t  p r e s e n t s  t h e  second reduc t ion  in  power  level ,  
which enta i led  the  in t roduct ion  of s o m e  novel f e a t u r e s  to p roduce  a n  eff icient  
r e s i s t o j e t  a t  4. 5 8 - g r a m s  (approx imate ly  0. 01- lbf)  t h r u s t  f o r  o p e r a t i o n  e i the r  
The 30- and 3-kW r e s i s t o j e t s  w e r e  l abora to ry  units  with the  high- 
t e m p e r a t u r e  e l e m e n t s  m a d e  of tungsten ,  which became  b r i t t l e  a f t e r  being 
hea ted  o v e r  the  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e .  Through the  in t roduct ion  of 
r h e n i u m  p a r t s ,  which  a r e  a s s e m b l e d  by e l e c t r o n - b e a m  welding, the  b a s i c  
d e s i g n  of t h i s  r e s i s t o j e t  h a s  a  g r e a t e r  durabi l i ty .  (Rhen ium r e m a i n s  ducti le  
a f t e r  heat ing.  ) The s i z e  of the  t h r u s t o r  has  been s igni f icant ly  r educed  a s  well.  
The  Model  I  evacuated,  concen t r i c - tube  r e s i s t o j e t  w a s  developed f o r  the  
0. 044-N (10-mlbf )  t h r u s t o r .  Fig. 1  shows the  model ,  in s impl i f i ed  f o r m ,  
and the  f lows of e l e c t r i c  c u r r e n t  and propellant .  Both of i t s  bas ic  p a r t s ,  
t h e  gas  h e a t e r  and t h e  nozzle,  m u s t  undergo g e o m e t r i c a l  changes  because  of 
t h e  d i f f e r e n c e  in s i z e  i n  th i s  t h r u s t o r  and t h e  30-kW unit. 
As  the  r e s i s t o j e t  i s  r educed  i n  s i z e  for  a  cons tant  c h a m b e r  t e m p e r a t u r e ,  
i t  i s  n e c e s s a r y  to  s u p p o r t  a  s t e e p e r  r ad ia l  t h e r m a l  g rad ien t  between the  i n n e r  
h e a t e r  tube  and the  o u t e r  su r face .  Th i s  g rad ien t  could c a u s e  prohibi t ive  
r a d i a l  conduct ive  l o s s e s  through a n  intervening gas.  One solu t ion  i s  to in t ro -  
d u c e  a n  evacua ted  jacket  which, i s  exposed to space .  Heat  flowing rad ia l ly  
by t h e r m a l  conduction through the  gas  is  e s s e n t i a l l y  in the  f r e e - m o l e c u l e  
r e g i m e .  A s  f r e e - m o l e c u l e  t h e r m a l  conductivi ty i s  p ropor t iona l  t o  p r e s s u r e ,  
t h e  r a d i a l  h e a t  flow is  negligible,  unlike tha t  f o r  continuum flow, w h e r e  
t h e r m a l  conductivi ty i s  independent  of p r e s s u r e .  Radiat ion sh ie lds  i n  the  
j acke t  f u r t h e r  r e d u c e  h e a t  l o s s e s .  
The  ob jec t ives  of the  exchanger  des ign  w e r e  to achieve  a  g a s  t e m p e r a t u r e  
c l o s e l y  approach ing  tha t  of the  wal l ,  a high h e a t e r  eff iciency,  and an  accep t -  
a b l e  p r e s s u r e  drop.  The c h a m b e r  p r e s s u r e  was  se lec ted  a t  1. 5 a t m .  The 
s e l e c t e d  c h a m b e r  t e m p e r a t u r e ,  2 4 2 0 ° ~ ,  w a s  r u n  f o r  a  25-hour per iod  on the  
0. 67-N (150-mlbf )  o r  3-kW d e s i g n  tes ted  previous ly .  I t  i s  200°K l e s s  than 
t h e  30-kW uni t  which  w a s  t e s t e d  3 y e a r s  ago  f o r  50 h o u r s .  
- -- L C 1  A L - -L Nozzle -L I IrUSt - 
Vacuum jacket 
Figure 1. Model I Evacuated Resistojet Concept - Simplified 
The d i a m e t e r s  of the  i n n e r  e l e m e n t s  w e r e  based on  not exceeding a  Mach  
n u m b e r  of approx imate ly  0. 3 .  This  r e d u c e d  the  r ad ia t ive  t r a n s f e r  l o s s e s  
f r o m  lowered wa l l  a r e a  and i n c r e a s e d  the  l a m i n a r  f low h e a t - t r a n s f e r  coef-  
f i c i en t s  to t h e  gas .  The p r e s s u r e  d r o p  i s  i n c r e a s e d  but not prohibi t ive ly .  
Because  of a  r e a l i s t i c  l i m i t  on  t h r o a t  s i z e  (0. 5 m m ) ,  the  c h a m b e r  p r e s -  
s u r e  h a s  been lowered  t o  1. 5 a t m  o v e r  the  10 atm of the  p rev ious  des ign.  
Because  of the  high t e m p e r a t u r e  l e v e l s  of the  c a s e ,  h i g h - p e r f o r m a n c e  t h e r m a l  
insulat ion with r ad ia t ion  sh ie lds  i s  used.  
Within the  l imi ta t ions  of the  s m a l l  s i z e  and n a r r o w  p a s s a g e s  n e c e s s a r y  
f o r  good hea t  t r a n s f e r  and t h e r m a l  ef f ic iency,  the  h ighes t  poss ib le  vol tage  
was  des i red .  A f u r t h e r  r e q u i r e m e n t  w a s  0. 0 1 6 - c m  (0. 004 in. ) m i n i m u m  
h e a t e r - e l e m e n t  wall  th i ckness  ( fo r  s t r e n g t h  and opera t iona l  l i fe  r e q u i r e m e n t s ) .  
F o r  example,  t h e s e  r e q u i r e m e n t s  p roduced  a  nomina l  o p e r a t i n g  condit ion of 
I 6 vol ts  and 40 a m p s  f o r  240 wa t t s  of input  e l e c t r i c  power  when o p e r a t i n g  
on H2. 
The  vacuum jacket  innovation a l l o w s  a  t h r e e - g a s  p a s s  concep t  t o  be  used  
a s  opposed t o  12  in the  l a r g e r  mode l  ( r e f .  1).  Th i s  e l i m i n a t e s  t h e  need f o r  
e l e c t r i c a l  i n s u l a t o r - s p a c e r s  which a l s o  a c t  a s  p r e s s u r e  s e a l s  wi th in  the  h e a t  
exchanger  i t se l f .  The  only e l e c t r i c a l  i n s u l a t o r  s e a l  in t h e  0. 044-N ( 10-mlbf)  
des ign  i s  now located  a t  the  p rope l l an t  in le t ,  wh ich  i s  in a  r e l a t i v e l y  cool  
locat ion.  Th i s  i s  a  b razed  m e t a l - t o - c e r a m i c  s e a l  ins t ead  of the  c o m p r e s s i o n  
type  f o r m e r l y  used. 
\ 
Since there  a r e  no sliding joints in this  thrustor ,  a bellows has  been 
incorporated to prevent deformation of the inner heating element by differen- 
t ia l  thermal  expansion. The Model I design i s  shown in fig. 2. 
1 Outer case 
2 l nner case 
3 Outer heater 
4 Inner heater and nozzle 
5 Case cover 
6 Electrical insulation 
7 Radiation shield 
8 Housing 
9 Cover 
10 Fitting, tee 
11 Thermal insulation 
12 Electrical insulator and 





L TIG weld 
Figure 2. Resistojet Thrustor 
Section A-A 

MODEL I FABRICATION 
Mater ia l  Selection 
Rhenium was  se lec ted  f o r  the  h igh- tempera ture  e lements .  The  ma in  
r e a s o n  f o r  i t s  se lect ion was  because  i t  does not exhibit a duct i le- to-br i t t le  
t rans i t ion  a f t e r  being heated over  t he  rec rys ta l l i za t ion  t empera tu r e .  I t s  duc- 1 t i l e  behavior i s  in  marked  con t ras t  to  that  of tungsten. It  i s  comparab le  to 
tungsten, however,  in i t s  h igh- tempera ture  endurance  s t rength,  i t s  c r e e p  
and subl imat ion r a t e s ,  its res i s t iv i ty ,  and i t s  fabricabil i ty.  
Rheniu,m was a l so  se lected fo r  the in te rmedia te  t e m p e r a t u r e  p a r t s  s o  
that  no d i s s i m i l a r  p a r t s  a r e  used i n  t he  s t ruc ture .  This  se lect ion i s  based 
on the  excel lent  weldability of rhen ium to rhen ium and the  e l iminat ion of dif- I f e r en t i a l  t h e r m a l  expansion problems.  
An alloy- - 5070 molybdenum/ 5070 rhenium- -init ial ly appeared  a t t rac t ive  
. f o r  so.me in te rmedia te  t empe ra tu r e  p a r t s  because  of i t s  lower  cos t  and avai l -  
ability. I t s  s i .mi lar i ty  to pu re  rhen ium indicated that  t h e r e  would be no prob-  
l e m  in  welding i t  to pu re  rhen ium par t s .  Although s o m e  sample  welds w e r e  
success fu l ,  t h e r e  was  e lect ron-beam-weld c rack ing  because  of t he  b r i t t l e  
in te rmeta l l i cs ,  MoZRe3 and ReqMo (u and X phases ,  r espec t ive)  a t  the  joint. 
The  u s e  of molybdenum/rhen ium was  t he r e fo re  discontinued. 
S ta in less  s t e e l  and nickel  w e r e  se lected f o r  t he  low- t e m p e r a t u r e  aux i l i a ry  
pa r t s .  They a r e  joined by BT Lithobraze,  which h a s  a s e r v i c e  t e m p e r a t u r e  
capabil i ty of 8 1 ~ O K .  Boron ni t r ide  is selected,  fo r  h igh- tempera ture  insula-  
tion. Min-K-2000 appea r s  to  be the bes t  t h e r m a l  insula tor .  
Candidate m a t e r i a l s  f o r  h igh- tempera ture  par t s .  - The m a x i m u m  specif ic  
impulse  and l i fe  capabil i ty of a r e s i s t o j e t  a r e  governed by the  heating e le -  
men t  .mater ia l .  The f i r s t  m a t e r i a l s  to be chosen m u s t  t he r e fo re  be fo r  the  
i nne r  heat ing e lement  and nozzle. 
P r o p e r t y  r equ i r emen t s  which influence t h e  choice of m a t e r i a l  a r e  s u m m a -  
r i z ed  in  t ab le  1. 
! The m a t e r i a l s  ini t ial ly considered fo r  the  h ighes t - t empera ture  p a r t s  w e r e  
I t he  r e f r a c t o r y  m e t a l s :  c01umbiu.m~ tantalum, molybdenum, tungsten, 
rhenium,  and t h e i r  al loys.  
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aThe  p r e s s u r e s  given a r e  those to he tested.  F o r  space operation, a l l  vacuum num 
b ~ h e  temperatures  given correspodd to the des i r ed  t h e r m a l  holding t empera tu re  prc 
with the inner element a t  design tempera ture  (Pe = 16. 8 W)  a t  no propellant flow. I- 
'A common requirement  i s  that there be no chemica l  react ivi ty  with the propellants 
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a. P r e s s u r e  vesse l  
b. Electr ic  conductor 
c. Regenerative heat 
exchanger 
a. P r e s s u r e  vesse l  
b. Ohmic heater  
c. Heat exchanger 
a. Ohmic heater  
b. Heat exchanger 
c. Gas acce lera tor  
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p r e s s u r e a  
range 
( a tm)  
4 x  10- - -1 .5  5 
6 x  1. 5 
4  10+-1.5 
6 x 10-5--1. 5 
1. 5 
6 x 
6 x loe5  
MODEL I MATERIALS 
I Joints I 
a. Thermal  expansion coefficient com- 
patibility with mating welded pa r t s .  
b. Weldable and brazable.  
c.  Ductile. 
High-resistance to interatomic 
diffusion of propellant.  
High e lec t r ica l  resistivity.  
Ductile. 
Weldable. 
Low sublimation ra tes .  
High e lec t r ica l  resistivity.  
High- tempe ra tu re  fatigue strength 




High-temperature e lec t r ica l  insulation. 
a .  Low the rma l  emis  sivity. 
b. Thin- sheet  availability. 
c. Ductility. 
: r s  a r e  replaced by those corresponding to those of the orbi ta l  attitude. 
ile (Pe = 10. 5 W); however, steady-state b raze  s i te  t empera tu res  could reach 9 7 5 O ~  
.ice, 97 ~ O K  braze  capability i s  highly desirable .  
r their  contained contaminants . 
BASIS FOR CHOIl 
FOLDOUT WSi<LL I 
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aThe p r e s s u r e s  given a r e  those to be tested. F o r  space operation, a l l  vacuum numl: 
b ~ h e  ternpe r a tu res  given correspond to the  des i r ed  thermal  holding tempera ture  p ro  
with the inner  element a t  design tempera ture  (Pe = 16. 8 W)  a t  no propellant flow. F 
'A common requirement  i s  that there  be no chemical reactivity with the propellants 
- 
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b. Elec t r ic  te rminal  
Thermal  insulator 
Gas-tight e lectr ic  
insulator 
a. Thermal  expansion 
alleviator 
b. Elec t r ic  te rminal  
Concentric alignment 
of cases  
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Thrusting mode 




4 x 10-5--1.5 
- - -  
4 x lo-5--  1. 5 
4 1 0 - L l . 5  
4 x - 1. 5 
- - -  
1. 5 
TABLE 1 
LE OF MODEL I MATERIALS (Concluded) 
i I Joints I 
Pr imary  mater ia l  requirementsC 
Low thermal emis  sivity. 
a. Reliable brazability to refractory 
metal used. 
b. Capable of a leakproof design. 
Low thermal conductivity at high 
temperature. 
a.  Moderate dielectric strength (< 10). 
b. Impervious to H2 (leakage). 
c. Reliable metal-to-ceramic bond. 
d. Highest braze  liquidus temperature 
compared to res t  of assembly. 
a. Reliable brazability to refractory 
metal  used. 
b. Impervious to H2 (leakage). 
c. High cyclic s t r e s s  capability. 
High-temperature electr ic  insulation. 
) e r s  a r e  replaced by those corresponding to those of the orbital attitude. 
file (Pe = 10. 5 W);  however, steady-state braze site temperatures cobld reach 7 0 0 ~ ~  
[ence, 700°C b raze  capability i s  highly desirable. 
or  their  contained contaminants. 
T h e s e  par t s  a r e  a l l  exposed t o  Hz, even in the c a s e  of NH3, whe re  tha t  gas i s  
essen t ia l ly  d i s soc ia ted  a t  2 4 2 0 ' ~  to i t s  H2 and N2 const i tuents .  Columbium 
and tan ta lum abso rb  v e r y  l a r g e  amounts  of H2 and become qui te  b r i t t l e  on  
subsequent cooling. In fac t ,  they powder. These  m a t e r i a l s  w e r e  t h e r e f o r e  
excluded f r o m  f u r t h e r  cons idera t ion  whe re  H2 exposure  is requ i red .  
Table 2 and the f i gu re s  that  follow s u m m a r i z e  the  s ignif icant  p rope r t i e s  
of the rernaini.ng candidates,  tungsten, rhenium, molybdenum, and the  a l loys  
7470 tungsten/2670 rhen ium and 5070 molybdenum/ 5070 rhenium.  
Table 3 s u m m a r i z e s  the  reac t ions  of t he se  m a t e r i a l s  to  O2 and s o m e  ~ O S -  
s ib le  propel lants  and contaminants.  
Table 4 s u m m a r i z e s  the  propel lant  r equ i r emen t s  with r e g a r d  to the  p e r -  
m i s s i b l e  contaminant  l eve l s  f o r  rhenium, f o r  example ,  compa red  t~ the  
l eve l s  found in va r ious  Hz sou rce s .  Table  5 t r e a t s  NH3. 
Ductility: Exper ience  with r e s i s t o j e t  development  h a s  shown that  one of 
the  m o s t  impor tan t  p rope r t i e s  i s  ducti l i ty.  This  p rope r ty  h a s  the  t r emendous  
advantage of weldability and g ives  g r e a t e r  confidence that  c a t a s t roph i c  b r i t t l e  
f r a c t u r e  wil l  not occur .  
The  c r y s t a l  s t r u c t u r e  of a l l  four  of the  r e f r a c t o r y  m e t a l s  (molybdenum 
and tungsten,  a s  wel l  a s  the  d i s ca rded  columbium and tan ta lum)  i s  body 
c e n t e r e d  cubic (bcc) .  A f a m i l i a r  c h a r a c t e r i s t i c  of bcc m e t a l s  that  a r e  r a i s e d  
above their  r ec rys ta l l i za t ion  t e m p e r a t u r e  i s  t he i r  t r an s i t i on  f r o m  duct i le  t o  
b r i t t l e  behavior on cooling ove r  a re la t ive ly  n a r r o w  t e m p e r a t u r e  range.  Th i s  
is i l lus t ra ted  in  fig. 3 f o r  the  unalloyed, r e c ry s t a l l i z ed  m e t a l s  using reduc t ion  
in a r e a  in a s imple  t ens i l e  t e s t  a s  the m e a s u r e  of ducti l i ty.  Rhenium, on the  
o the r  hand, i s  hexagonal  c lose-packed in  s t r u c t u r e  and p o s s e s s  no known 
t rans i t ion  t empe ra tu r e ,  a n  impor tan t  point in i t s  favor .  
Note t ha t  once a bcc  m e t a l  is mel ted ,  a s  in  e l e c t ron -beam welding, it 
exhibi ts  a  duc t i l e - to -br i t t l e  t r an s i t i on  t e m p e r a t u r e .  This  t e m p e r a t u r e  i s  not 
f a r  above r o o m  t e m p e r a t u r e  f o r  molybdenum, but i s  wel l  above r o o m  t e m p e r a -  
t u r e  f o r  tungsten. Solid-solution al loying does  not  s e e m  to  improve  th i s  
s i tuat ion f o r  tungsten, except  the  tungs ten- rhen ium alloy, whose p r o p e r t i e s  
a r e  included f o r  compa r i son  in  t ab le  2. Rhen ium s i m i l a r l y  r educes  the  
t rans i t ion  t e m p e r a t u r e  f o r  molybdenum. 
Fig.  4 shows the  reduct ion in t r an s i t i on  t e m p e r a t u r e  f o r  tungsten and 
molybdenum that  o c c u r r e d  when addit ions of r h e n i u m  w e r e  var ied .  The  com-  
posit ions 74% tungsten/26yo r h e n u m  and 5070 molybdenum/  5070 rhen ium a r e  
op t imal ,  respect ively ,  in th is  regard .  
On  the bas i s  of ducti l i ty,  r hen ium and 7470 tungstenl2670 rhen ium w e r e  
p r e f e r r e d  a s  candidates  in tha t  o r d e r  f o r  the  h ighes t - t empe ra tu r e  e lement .  







::::kSee text .  
Tungsten 















$15 to $30 
P r o p e r t y  
Melting point, OK 
0 -3  Density a t  293 K, g - c m  
E lec t r i c a l  res i s t iv i ty ,  pa - c m  
293OK 
2473OK 
T h e r m a l  conductivity wat ts ,  cm-  ' OK- 1 
293OK 
~ 4 7 3 ~ ~  
- 1 Sublimation ra te ,  g- s e c  
Specific h e a t  ( 2 0 ° ~ ) ,  c a l  g- ' OK- 1 
Modulus of e las t ic i ty  ( 2 9 3 O ~ ) ,  lb-in. - 2  x 
Recrys ta l l i za t ion  t emp  OK 
Ductility 
Endurance  s t rength,  p s i  
.Creep,  min-  1 
P r i c e s  ($ / lb )  (depends on f o r m  and quantity) 
:::See f i gu re s  given. 
F igu re  
no. 
- - -  
- - - 
7 
- - - 
- - -  
- - -  
- - -  
5, 6 
- - - 
- - - 
- - -  
3 ,  4 
8, 9 
9, 10 
- - -  

TABLE 3 
REACTIONS WITH RHENIUM, TUNGSTEN, AND MOLYBDENUM 





*Review incomplete;  no fu r the r  work planned. 
Gas  
Oxygen, 0 2  
Nitrogen, N2 
Argon, A r  
Methane, CH4 
Rhenium 
> 875OK, ca tas t rophic  
oxidation occu r s :  
702 + 4Re -+ 2Re207.  
R e 2 0 7  boils a t  636OK 
(white fumes) .  
Does not r e a c t  with 
N2. 
No react ion.  
It i s  debatable  whether  
rhen ium heated in 
p r e sence  of CH4 and CO 
cause  carbides .  Carbon 
will f o r m  a eutect ic  a t  
2753OK. 
Tungsten 
< 575OK, me ta l  
r e m a i n s  bright. 
< 87!j0K, blueblack 
adheren t  oxide. 
> 8 7 5 O ~ ,  yellow o r  
yellow- g r een  W03. 
> 12 7 ~ O K ,  W03 volati le;  
> 1746OK, , W03 mel t s .  
Other  suboxides, WOZ, 
W18 O49 W4 
W20 O58. 
> 2775OK, WN2 by N2 
ove r  tungsten, but i s  
reduced by H2. 
No reaction.  
Tungsten combines  
readi ly  with ca rbon  




rapidly to M03  
>975OK, M 0 3  sub- 
l imes.  
1070°K, M03  mel t s .  
.*, 
-,. 
No reaction.  
rl, -0. 
TABLE 3 
REACTIONS WITH RHENIUM, TUNGSTEN, AND MOLYBDENUM - Concluded 
1 Gas 









Has high r e s i s t ance  to 
wa te r  vapor compared  to 
tungsten. 
In mo i s t  air, the  me ta l  i s  
gradually oxidized to 
pe r rhen i c  acid HRe04  
(necess i t a tes  s t o r age  with 
desiccants) .  
See  i t e m  4. 
See i t e m  4. 
- - 
No reaction.  
No reaction.  
Tungsten 
> 9 7 5 ' ~  oxidation 
Carbon monoxide 
ca rbu r i ze s  about 
1975OK. 
> 1 4 7 5 ~ ~  oxidation. 
No reaction.  
No reaction.  
Molybdenum 
No reaction. 
1 ::'Review incomplete; no fu r ther  work planned. 
TABLE 4 
RESISTOJET H2 PROPELLANT REQUIREMENTS 
:::Contaminant level l imited only by puri ty  requi rement .  





RESISTOJET NH3 PROPELLANT REQUIREMENTS 
(Ductile) 
I t em 
Pur i ty ,  yo by weight 
Oxygen, ppm 
Nonbasic gases  
Vapor phase  
Liquid phase  
Water  vapor ,  ppm 
Oil, p p m  




Temperature ( O K )  
Figure 3. Ductile-Brittle Transition Behavior of Unalloyed Recrystallized Refractory Metais 
:::Contaminant l eve l  l imi ted only by puri ty requ i rement .  
::::::Preliminary l imi t  s e t  by controvers ia l ly  poss ible  ca rbon  react ions  
with rhenium.  
Requirements  
fo r  r e s i s t o j e t  
l i fe t e s t s  
99.99 
<3 





< 2 :: :': 
10 
40 
Laboratory g r ade  
anhydrous NH3 
( A r m o u r )  
9 9 . 9 9  
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u (A) Molybdenum c 2 
(Brittle) 
Temperature (OK) 
Sublimination:  A p r i m a r y  f a c t o r  t o  b e  cons ide red  i n  de ter .mining the  
l i fe  expectancy of r e s i s t o j e t  t h r u s t o r  i s  t h e  sub l ima t ion  of m e t a l  f r o m  the  
hea t -  exchanger  walls .  The  following p r e s e n t s  the  e s t i m a t e d  l i fe  of the  
10 m l b  r e s i s t o j e t .  
Th ickness  and m a s s  l o s s  r a t e s  a r e  given f o r  the  c r i t i c a l  t h r u s t o r  pa r t s .  
T h e s e  r a t e s  a r e  used  t o  ca lcu la te  the  t i m e  n e c e s s a r y  t o  r e d u c e  th ickness  o r  
m a s s  by 1070 ( the  work  s t a t e m e n t  definition of t h r u s t o r  l i fe) .  
The  l o s s e s  f r o m  the  10-mlbf unit w e r e  ca lcu la ted  with the  u s e  of sub-  
l ima t ion  d a t a  in  the  p r e s e n c e  of a  flowing gas f r o m  ca lcu la t ions  by Z i m a  of 
the  L a w r e n c e  Radiat ion L a b o r a t o r y  ( r e f .  5). T h e s e  d a t a  a r e  f o r  v a c u u m  and 
f o r c e d  convect ion  with he l ium a t  1 a t m  and 100-fps veloci ty.  Convers ion  
f a c t o r s  f o r  o t h e r  g a s e s  a r e  given. S ince  m a s s  and th ickness  l o s s  r a t e s  a r e  
i n v e r s e l y  p ropor t iona l  to  the  s q u a r e  r o o t  of t h e  p r e s s u r e ,  p r e s s u r e  ef fec ts  
c a n  be  found f r o m  the  1 - a t m  da ta  by applying the  following equation: 
l o s s  r a t e  a t  p r e s s u r e  P = l o s s  r a t e  a t  1 a t m  x (1) 
The  ef fec t  of gas  veloci ty i s  
l o s s  r a t e  a t  ve loci ty  v = l o s s  r a t e  a t  100 fps  x (vao)"' - ' ( 2 )  
As shown in f igs.  5 and 6, the  r a t e  of m a s s  l o s s  caused  by subl imat ion  i s  
g r e a t l y  r e d u c e d  by the  p r e s e n c e  of a  gas .  A t  2 5 0 0 ° ~ ,  f o r  example ,  the  
r a t e  i n  v a c u u m  i s  g r e a t e r  than tha t  a t  1 a t m  by a f a c t o r  of 100. 
The  t e m p e r a t u r e  d i s t r ibu t ion  used fo r  t h e s e  ca lcula t ions  i s  found i n  the  
p e r f o r m a n c e  p red ic t ions  sec t ion .  The ou te r  c a s e  i s  exposed t o  a  vacuum on 
one  s i d e  and  p r e s s u r e  on the  o t h e r ;  however ,  i t s  t e m p e r a t u r e  i s  s o  low that  
s u b l i m a t i o n  i s  negligible. The  s a m e  i s  t r u e  of the  inner  c a s e .  
0 T h e  o u t e r  heat ing e l e m e n t  h a s  a  m a x i m u m  t e m p e r a t u r e  of 1675 K, which 
i s  still low enough tha t  no s igni f icant  subl imat ion  t a k e s  place.  The  inner  
hea t ing  e l e m e n t ,  h a s  a high enough t e m p e r a t u r e  even  in a n  H2 a t m o s p h e r e  to  
p r o d u c e  s ign i f i can t  l o s s  of m a t e r i a l  by sublimation.  A m a j o r  cont r ibut ion  t o  
t h e  h igh r a t e  of l o s s  i s  the  h igh veloci ty  of t h e  g a s  in the  inner  e lement .  
Temperature (OK)  
Figure 5. Vaporization Loss vs. Temperature in Vacuum (ref. 5) 
G = f(T). Average over 2 cm from 
Helium 
P = 101 k ~ / m ~  (1 atm) 
V = 30.5 m/sec (1 00 ftlsec) 
Temperature ( O R )  
Temperature (OK) 
Figure 6. Vaporization Loss vs. Temperature Under Forced Conveciiur~ i ~ a f .  5) 
Table 6 s u m m a r i z e s  the  e r o s i o n  r a t e s  and r e s u l t a n t  l i fe  expectancy of  
t h e  Model I  t h r u s t o r  on Hz. 
Since h igher  e r o s i o n  r a t e s  a r e  p red ic ted  f o r  the  lower  molecu la r -we igh t  
gas ,  H2 i s  taken to be the  w o r s t  c a s e .  Subl imat ion  r a t e s  i n  the  p r e s e n c e  
of NH3 should be l o w e r  by a f a c t o r  of 0. 9. The  veloci ty  effect  should f u r t h e r  
r e d u c e  the r a t e  by a f a c t o r  of 0. 7 s o  the  e r o s i o n  r a t e  in NH3 should be only 
60% of the r a t e  in Hz. 
The ca lcu la t ions  a s s u m e  l a m i n a r  flow which is def in i te ly  the  c a s e  in  the  
s u b j e c t  t h r u s t o r .  L o s s e s  in tu rbu len t  f low could be  cons ide rab ly  h igher .  
When the  t h r u s t o r  o p e r a t e s  in t h e  t h e r m a l - c o n t r o l  m o d e  (no flow, only 
suff icient  power  t o  ma in ta in  t e m p e r a t u r e ) ,  the  condit ions f o r  sub l ima t ion  
d e t e r i o r a t e  because  a l l  s u r f a c e s  a r e  exposed t o  vacuum.  In  t h i s  mode ,  i t  
wi l l  be n e c e s s a r y  t o  o p e r a t e  a t  a  l o w e r  t e m p e r a t u r e  t o  hold  l o s s e s  t o  the  s a m e  
l e v e l  a s  in n o r m a l  opera t ion .  As shown i n  t a b l e  1, th i s  t e m p e r a t u r e  i s  
2250°K. If, however ,  the  t h e r m a l - c o n t r o l  m o d e  cons t i tu tes  a  m a j o r  p e r c e n t -  
a g e  of m i s s i o n  t i m e ,  i t  m a y  be adv i sab le  t o  o p e r a t e  a t  even  lower  t e m p e r a t u r e  
to  prolong t h r u s t o r  life.  
E l e c t r i c a l  r e s i s t iv i ty :  Rhen ium h a s  a h igher  r e s i s t i v i t y  than  the  o t h e r  
candidates (fig. 7). E i t h e r  h i g h e r  t e r m i n a l  vol tage  o r  t h i c k e r  hea t -  exchanger  
wa l l s  r e s u l t  with r h e n i u m  a s  c o m p a r e d  to  tungsten  o r  74q0 tungsten-2670 
rhen ium.  
Endurance  s t r eng th :  The p r e s s u r e  s t r e s s e s  on t h e  i n n e r  heat ing  e l e m e n t  
a r e  v e r y  low [of the  o r d e r  of 689 k ~ / m ~  (100 psis)]. T h i s  i s  p r i m a r i l y  
because  of the  r e l a t ive ly  low c h a m b e r  p r e s s u r e ,  which i s  1 to  2 a t m  in t h i s  
type of rocket.  
Because  of t h i s  low s t r e s s ,  the  f a i l u r e  c r i t e r i a  by which to  c o m p a r e  
candidate  m a t e r i a l s  m u s t  be t h o s e  of a n  e n d u r a n c e  n a t u r e :  (1 )  e n d u r a n c e  
s t r e s s - r u p t u r e ,  (2)  c r e e p  elongation,  and (3 )  fa t igue .  The  f i r s t  two r e c e n t l y  
h a v e  been g iven a c a r e f u l  c o m p a r a t i v e  evaluat ion  f o r  the  m a t e r i a l s  and t e m -  
p e r a t u r e  range  of i n t e r e s t  in a  H2 e n v i r o n m e n t  ( r e f .  6).  Fig.  8 shows  the  
endurance  s t r e s s - r u p t u r e  a t  24730K which i s  c l o s e  t o  the  an t i c ipa ted  m a x i -  
m u m  inner e l e m e n t  t e m p e r a t u r e  of 2523OK. No e n d u r a n c e  d a t a  a r e  ava i l ab le  
on  the  r e f r a c t o r i e s  a s  m a d e  by the  v a p o r  depos i t ion  p r o c e s s .  T h e  s i n t e r e d  
r e f r a c t o r y  d a t a  shown h e r e  a r e  be l ieved to  be c o n s e r v a t i v e  and t h e r e f o r e  
useful  f o r  d e s i g n  purposes .  Such d a t a  a r e  not  ava i l ab le  f o r  t e s t  t i m e s  longer  
than 100 hours.  It m u s t  be ex t rapo la ted  t o  e s t i m a t e  the  s t r e s s - r u p t u r e  va lues  
of i n t e r e s t  of the  o r d e r  of 2000 h o u r s  o r  g r e a t e r .  T h e  b a s i s  f o r  the  e x t r a -  
polat ion is t h e  L a r s o n - M i l l e r  r e l a t i o n s h i p  [eq. (3)] which  ind ica tes  a  l i n e a r  
re la t ionship  on a log-log b a s i s :  
T ( log t r  + C) = a + b log cr ( 3 )  
w h e r e  
T = t e m p e r a t u r e  a b s o l u t e  
t r  = r u p t u r e  l i fe  in h o u r s  
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Figure 7. Resistivity of Candidate Materials 
Rupture Time (hr) 
Figure 8. Comparative Stress Rupture o t  Sintereci i i e i ~ d i i ~ r y  ?/cts!s a d  .P!!nys 
C = L a r s o n - M i l l e r  c o n s t a n t  f o r  g iven  m a t e r i a l  
r = s t r e s s  
a  and  b  a r e  cons t an t s .  
Recent  d a t a  o n  r h e n i u m  show s o m e  unexpla inable  c u r v a t u r c  ( s c , c h  f l p .  9)) 
but t h i s  i s  insuf f ic ien t  t o  inva l ida te  the  conc lus ions  h e r e .  T h e  o r d e r  of l n e r ~ t  
i s  rhen ium- tungs t en ,  75% tungs ten /2570 r h e n i u m ,  5070 m o l y b d e n u m /  50% 
rhenium,  and  l a s t l y ,  mo lybdenum,  wi th  a t  l e a s t  one  o r d c r  of magn i tud f ,  In 
s t r e s s  capabi l i ty  be tween the  f i r s t  and  l a s t .  
0 C r e e p ,  a s  m e a s u r e d  by e longat ion  r a t e  u n d e r  s t r e s s  a t  2473 K in  H2, i s  
shown  in fig.  10. No d a t a  could  be found f o r  7570 tungs t en /2570  r h e n i u m  a t  
t h i s  t e m p e r a t u r e .  L o w e r  t e m p e r a t u r e  d a t a  s h o w  t h e  l a t t e r  m a t e r i a l  to  be 
roughly  c o m p a r a b l e  to  r h e n i u m  and tungs ten .  A m e t a l  be l lows  i s  u s e d  t o  
a l l e v i a t e  induced  a x i a l  s t r e s s e s  f r o m  d i f f e r e n t i a l  t h e r m a l  expans ion .  T h e  
d e s i g n  p e r m i t s  t h e  i n n e r  e l e m e n t  t o  be o p e r a t e d  at e s s e n t i a l l y  negl ig ib le  long-  
i tud ina l  s t r e s s  a t  o p e r a t i n g  t e m p e r a t u r e  but  a t  a de f in i t e  t e n s i l e  load  u n d e r  
cold-f low condi t ion  t o  e n s u r e  s t r a i g h t n e s s .  
C r e e p  (y ie ld ing)  i s  s e e n  t o  r e l i e v e  t h e  i n n e r  e l e m e n t  a t  t he  h o t  operating 
condit ion t o  negl ig ib le  o p e r a t i n g  s t r e s s .  C r e e p  t h e n  i s  not  sc3c.n a s  a  govc.rn- 
ing  f a i l u r e  m e c h a n i s m  of t h e  i n n e r  e l e m e n t  i n  t h i s  d e v i c e  a s  long a s  tht, 
a d j u s t m e n t  is small. 
T h e s e  two f a c t o r s ,  r u p t u r e  and c r e e p ,  f o r  t h e  s e l e c t e d ,  r h e n i u m ,  . i r e  
shown  i n  fig.  9 o v e r  a r a n g e  of t e m p e r a t u r e  of up t o  3 0 7 3 ~ ~ .  
The  (10 -mlb f )  r e s i s t o j e t  w i l l  be s u b j e c t  t o  c y c l i c  s t r e s s e s  and t e r n p e r a -  
t u r e s .  (See  Cyc l i c  P e r f o r m a n c e  d i s c u s s i o n .  ) No d a t a  w e r e  found o n  h igh-  
t e m p e r a t u r e  f a t i gue  of r e f r a c t o r i e s  wi th  wh ich  t o  e v a l u a t e  t h e  e f fec t  oi 
ope ra t ing  a p p r o x i m a t e l y  10 000 c y c l e s .  C y c l i c  t h r u s t o r  t e s t s  m u s t  bc con -  
d u c t e d  to v e r i f y  t h i s  f ace t ,  and  t h i s  i s  no t  w i th in  t h e  s c o p e  of t he  s tudy .  T h e  
only  c r i t e r i a  f o r  gu idance  in  m a t e r i a l  c h o i c e  i s  t ha t ,  i n  g e n e r a l ,  t hc  l l igher  
t h e  c r e e p  s t r e n g t h  of a m a t e r i a l ,  t h e  h i g h e r  i t s  h i g h - t e m p e r a t u r e  fatieuc. 
s t r e n g t h - - i n d i c a t i n g  r h e n i u m ,  tungs ten ,  o r  75% tungsten/25Vo rhen iun l  a g a i n  
by t h i s  c r i t e r i o n .  
M a t e r i a l s  of i n t e r m e d i a t e  and  l o w - t e m p e r a t u r e  p a r t s .  - I t  w a s  dec ided  
t h a t  t h e  ou te r  and  i n n e r  c a s e s  o n  t h e  i n i t i a l  e n g i n e s  shou ld  bt, of the  s a  t i  1 1 .  
L. 
m a t e r i a l  a s  the  hea t ing  e l e m e n t s  t o  p e r m i t  e a s e  of weld ing  a ~ l d  expans ior .  
con>patabi l i ty .  
Comrne r c i a l l y  a v a i l a b l e  i n s u l a t o r s  of c e r a m i c .  m a t e r i a l  h r a z c d  t o  n:t3t 11 
w e r e  chosc.n f o r  t he  i n s u l a t o r  f i t t ing.  T h e s e  a r e  m a d e  f r o m  n i c k c l - i r o n  a l loy  
o r  g r a d c - A  nickel ,  s i l v e r  b r a z e d  to  a  m e t a l i z e d  a l u m i n a  tube.  
- 
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The second insu la to r  ( 6 )  ( s e e  fig. 2)  i s  a  tubu la r  she l l  n h i c h  p r e v e n t s  a  
s h o r t  f r o m  the  o u t e r  heat ing e l e m e n t  ( 3 )  to the  inner  c a s e  th rough  the  rad ia t ion  
shie ld  ( 7 ) ,  should the  e l e m e n t s  move  t r a n s v e r s e l y .  The thlrci and four th  insu-  
l a t o r s  a r e  s p a c e d  f r o n t  and r e a r  between the i n n e r  c a s e  ( 2 )  and o u t e r  c a s e  (1 ) .  
Boron n i t r ide  h a s  been success fu l ly  used in  e l e c t r o t h e r m a l  d e v i c e s  a s  a n  
e l e c t r i c a l  insu la to r  in v e r y - h i g h - t e m p e r a t u r e  s e r v i c e ,  provided r e f r a c t o r y  
bor ides  a r e  not allowecl to  f o r m .  All  boron-ni t r ide  insu la to r  s i t e s  a r e  located  
in  r eg ions  l e s s  than 1 2 1 5 O ~ ,  which should r e s u l t  in a  c o n s e r v a t i v e  des ign.  
E i t h e r  s t a i n l e s s  s t ee l  o r  n ickel  appeared  sui table  fo r  the  tee- f i t t ing;  in 
f ac t ,  one engine was  built  using e a c h  m a t e r i a l .  
S t a i n l e s s  s t ee l  was  chosen  a s  t h e  bellows m a t e r i a l ,  s ince  a  wide v a r i e t y  
of s t a i n l e s s - s t e e l  bel lows,  with r e s p e c t  to s i z e s  and s p r i n , ~  r a t e s ,  i s  ava i l ab le  
"off the  shelf .  I '  
The rad ia t ion  shie ld  in the  vacuum jacket p lays  a n  i m p o r t a n t  r o l e  in p r e -  
venting the  r a d i a l  l o s s  of heat .  The  m a j o r  r e q u i r e m e n t  was  tha t  m a t e r i a l  be 
ava i l ab le  in th in  shee t s ,  0. 008 m m  (0. 0003 in. ).  Tanta lum w a s  the  only 
h i g h - t e m p e r a t u r e  m a t e r i a l  ava i l ab le  in thin s h e e t s .  It  i s  bel ieved tha t  a t  
the  low p r e s s u r e s  involved 20 pmHg, H2 a t tack ,  a s  d i s c u s s e d  e a r l i e r ,  wi l l  be 
inconsequent ia l .  The  to ta l  e m i s s i v i t y  of the r e f r a c t o r i e s  cons ide red  a r e  
c o m p a r a b l e .  
The  t h e r m a l  insula t ion  ( 1  1) chosen  i s  ~ i n - ~ - 2 0 0 0 : ' :  It was  success fu l ly  
used  p rev ious ly  and h a s  a  low t h e r m a l  conductivity ( s e e  fig. 11) along with 
a  high- t e m p e r a t u r e  capabil i ty of 13 66OK. 
P a r t s  Fabr ica t ion  
Vapor  deposi t ion.  - R a t h e r  sophis t ica ted  ins ide  s h a p e s  can  be f o r m e d  by 
the  vapor  deposi t ion  method with the  r e f r a c t o r i e s .  Rhenium m a y  be deposi ted  
( a t  a  t e m p e r a t u r e  of 975OK) on a  s a c r i f i c i a l  m a t e r i a l ,  s u c h  a s  t i tanium,  
which i s  l a t e r  r emoved  with a hydrof lour ic  ac id  solution. This  i s  done  by 
p a s s i n g  H2 and ReC15 (usual ly)  gas  o v e r  the  induction-heated mandre l .  The 
reac t ion .  
t a k e s  p lace  deposi t ing  the  r h e n i u m  on the m a n d r e l .  
M a n d r e l s  (f ig.  12) which have  been fabr i ca ted  f r o m  t i t an ium (A-55) ba r  
s tock  (\vhich c o n f o r m s  to  A e r o s p a c e  M a t e r i a l s  Spec  No. 49-41) w e r e  s t r e s s -  
r e l i e v e d  a f t e r  machining.  Th i s  annealing p r o c e s s  i s  r e q u i r e d  to  p reven t  
d i s t o r t i o n  of s m a l l  p a r t s  due to r e s i d u a l  s t r e s s e s  dur ing  subsequent  p r o c e s s -  
ing. P a r t s  a r e  annealed  in a  vacuum r e t o r t  f u r n a c e  (10-3  t o r r )  a t  815OK and 
h e l d  t h e r e  f o r  1  hour .  
'::Johns - M a n s v i l l e  Indus t r i a l  Insula t ion  Division. 
Mean temperature (OK) 
Figure 11. Thermal Conductivity of Min-K-2000 
Figure 12. Titanium Mandrels for Vapor Deposition of Rhenium Parts for Model I Resistojet 
The vapor  deposit ion technique provided the m a j o r  breakthrough in  
allowing the u s e  of this  m a t e r i a l  in  the neces sa ry  shapes .  This  p r o c e s s  i s  
not cu r r en t ly  without fault, however, and qualifies somewhat a s  an  a r t .  As 
l a r g e r  quanti t ies a r e  produced, i t  i s  believed that  re l iable  quality and del ivery 
t i m e s  will  improve  significantly. Some pa r t s  a r e  shown, a s  deposited, in  
f ig.  13. 
Machining. - The lack of success  in  mechanically machining pu re  rhenium 
appea r s  to  be i t s  so le  drawback. P u r e  tungsten and molybdenum a r e  not 
~ r t i c u l a r l y  ea sy  to machine, e i ther ,  but some additives,  such a s  27'0 thoria 
and 1/20/0 t i tanium, make  substantial  improvements.  
Because of i t s  fantas t ic  coefficients of work  hardening, rhenium 
rapidly t u r n s  over  even ~ a r b i d ~ - t i p p e d  tools and dr i l l s .  Rough machining can  
be accomplished,  however,  by torch-heating the work while turning. 
Dril l ing can be accomplished by eloxing (e lec t ro-d ischarge)  and by using 
d iamond-core  tools. Outside d iameters  and contours may be ground readily 
with a luminum oxide, and somet imes  silicon carbide,  wheels. 
Figure 13. Typical Vapor Deposited Rhenium Parts (Before Grinding) 
R h e n i u m  h a s  o n e  of  t h e  h i g h e s t  c o e f f i c i e n t s  of w o r k  h a r d e n i n g  of a n y  of 
t h e  m e t a l s  and ,  t h e r e f o r e ,  m u s t  be a n n e a l e d  q u i t e  of ten.  Annea l ing  c a n  be  
a c c o m p l i s h e d  f o r  t he  0. 005-  t o  0. 120- in .  m a t e r i a l s  as low a s  1775OK f o r  
10 m i n .  t o  1 h o u r .  A f u r n a c e  t e m p e r a t u r e  of 1 9 2 5 O ~  f o r  5  t o  30 m i n .  i s  
r e c o m m e n d e d .  
A s  s e m b l y  
T h e  r h e n i u m  p a r t s  of t h e  M o d e l  I t h r u s t o r s  w e r e  a s s e m b l e d  by e l e c t r o n -  
b e a m  welding;  a l l  o t h e r  j o in t s  w e r e  m a d e  by b r a z i n g .  
E l e c t r o n -  b e a m  welding.  - T h e  p r o g r e s s  in  r e s i s t o j e t s  h a s  b e e n  p a c e d  by 
t h e  d e v e l o p m e n t  s t a t u s  of joining r e f r a c t o r y  m e t a l s  and  t o  a l e s s e r  e x t e n t  by 
t h e  ab i l i t y  t o  f o r m  d e s i r e d  p a r t  s h a p e s .  
T h e r e  i s  a  m a r k e d  c o n t r a s t  i n  e l e c t r o n - b e a m  we ld ing  ( w h i c h  i s  p e r h a p s  
t h e  b e s t  t e c h n i q u e  known f o r  joining r e f r a c t o r i e s )  of r h e n i u m  a s  o p p o s e d  t o  
t h a t  of  t ungs t en .  T h e  c h o i c e  r e l a t e s  t o  t h e  p r e v i o u s  d i s c u s s i o n  of r o o m  t c m -  
p e r a t u r e  duc t i l i ty .  R h e n i u m  i s  e x t r e m e l y  t o l e r a n t  t o  e l e c t r o n - b e a m  and  
TIG weld ing  a n d  s u b s e q u e n t  r e w o r k i n g .  B e c a u s e  of t h e  b r i t t l e  n a t u r e  inducct l  
i n  t h e  weld a r e a ,  t u n g s t e n  i s  p r o n e  t o  s u d d e n  f r a c t u r e s  f o r  no v i s i b l e  o u t w a r d  
r e a s o n .  In  t h i s  r e s p e c t ,  m o l y b d e n u m  i s  m o r e  l i k e  t u n g s t e n  t h a n  rhcniurn .  
. 
The e l e c t r o n - b e a m  welding of molybdenum and tungsten  c a n  be s u m m a -  
r i z e d  a s  follows: f o r  tungsten,  the  m e t a l l u r g i c a l  e f fec ts  induced by welding 
r a i s e  the  duc t i l e - to -b r i t t l e  t r a n s i t i o n  f r o m  475OK to  675OK and r e l a t i v e  t e n s i l e  
s t r e n g t h  a t  r o o m  t e m p e r a t u r e  i s  r educed  to 5070 of the  b a s e  m e t a l ,  but the  
h i g h - t e m p e r a t u r e  p r o p e r t i e s  a r e  unaffected.  Molybdenum i s  s i m i l a r ,  but 
with l e s s  r educ t ion  i n  s t r e n g t h  to  8070 of the o r i g i n a l  m a t e r i a l  va lues .  
I 
, B e c a u s e  l i t t l e  in fo rmat ion  was  available in  the  e l e c t r o n - b e a m  welding of 
r h e n i u m  a t  the  beginning of th i s  projec t ,  typical  joints  w e r e  m a d e  a t  M a r q u a r d t  
and a t  EBW, Inc . ,  to  e s t a b l i s h  weld schedules  f o r  the  Model  I t h r u s t o r  
( t ab le  7).  S o m e  we lds  a r e  shown in  f igs .  14 and 15. 
Brazing.  - T h e  p r o p e l l a n t / e l e c t r i c  feedthrough a s s e m b l y  of Model  I con- 
s i s t s  of a bellows, a c e r a m i c  sea l ,  and a  tee-fitt ing. The  bel lows i s  type 347 
s t a i n l e s s  s t ee l ,  while the  end a d a p t e r  i s  type 321 s t a i n l e s s  s t ee l .  The  insu-  
l a t o r  por t ion  of t h e  s e a l  i s  9670 A1203  with a  g lazed o u t e r  su r face .  The 
c e r a m i c  s e a l  s tud  and end connector  a r e  made  f r o m  a  4270 Ni/5870 F e  a l loy  
with expans  ion  c h a r a c t e r i s t i c s  s i m i l a r  to  the a l u m i n a  i n s u l a t o r  with s i l v e r  - 
copper  eu tec t i c  b r a z e  (7270 Ag/280/o Cu) which h a s  a  me l t ing  point of 1055OK. 
The tee- f i t t ing  i s  type  3  16 s t a i n l e s s  s t e e l  which h a s  a  nominal  al loy compos i -  
t ion of 18% C r ,  1270 Ni, and 270 Mo. AS designed,  t h e  feedthrough a s s e m b l y  
i s  jointed t o  the  o u t e r  r h e n i u m  tube at the  tee- f i t t ing  and to  the  i n n e r  r h e n i u m  
tube a t  the  bel lows end adap te r .  In all ,  four d i s s i m i l a r  m e t a l  joints  
(Re1321 SS, 321 SS/4270Ni -Fe ,  427oNi-Fe/316 SS, and 316 S S / R e )  a r e  
r e q u i r e d  to  a t t a c h  the  feedthrough a s s e m b l y  to  the  r e s i s t o j e t  engine. 
B r a z i n g  w a s  s e l e c t e d  a s  the  method f o r  joining t h e s e  p a r t s  f o r  a  n u m b e r  
of r e a s o n s ,  the  m o s t  i m p o r t a n t  being tha t  i t  o f f e r s  the  h ighes t  probabi l i ty  of 
s u c c e s s  f r o m  a  fab r i ca t ion  and s e r v i c e  standpoint.  While welding was  con- 
s i d e r e d  in i t ia l ly ,  it was  e l iminated  because  of the  high probabi l i ty  tha t  the  
weld joints  would c r a c k  o n  cooling o r  i n  s e r v i c e  because  of the  f o r m a t i o n  of 
b r i t t l e  i n t e r m e t a l l i c  compounds.  The s i tua t ion  w a s  f u r t h e r  compl ica ted  by 
the f a c t  t h a t  the  3 0 0 - s e r i e s  s t a i n l e s s  s t e e l s  c o n t r a c t  about  t h r e e  t i m e s  a s  
m u c h  a s  r h e n i u m  on  cooling, which would c r e a t e  v e r y  h igh r e s i d u a l  s t r e s s e s  
in the  weld. F u r t h e r ,  welding t h e s e  m e t a l s  would be diff icul t  because  of the  
l a r g e  d i f f e r e n c e  i n  t h e i r  me l t ing  c h a r a c t e r i s t i c s .  F o r  example ,  type 3  16 SS 
m e l t s  o v e r  t h e  r a n g e  1 6 4 5 ' ~  to 1675OK while r h e n i u m  m e l t s  a t  3 4 5 5 O ~ .  The 
c a s e  f o r  b r a z i n g  the  p a r t s  i s  quite  s t rong  if one c o n s i d e r s  the  i n h e r e n t  advan-  
t a g e s  of t h i s  method:  
( 1 )  If, a  good leak- t ight  joint i s  not  obtained,  one  can  usual ly  d i s a s s e m b l e  
the  p a r t s ,  r e m o v e  the  b raze ,  and b r a z e  t h e m  again.  
(2 )  B r a z e d  joints  a r e  leak- t ight  and usua l ly  r e m a i n  s o  dur ing  t h e r m a l  
cycl ing  b e c a u s e  of t h e  inheren t  duct i l i ty  of the  joint. F u r t h e r ,  i n t e r n a l  
s t r e s s e s  r e s u l t i n g  f r o m  fabr ica t ion  a r e  low because  the  joining t e m p e r a t u r e  
i s  usua l ly  s igni f icant ly  lower  than tha t  r equ i red  f o r  welding. 
(3 )  B r a z e  jo in ts  c a n  be m a d e  qui te  s t rong ,  if they a r e  des igned p roper ly  
and an  a p p r o p r i a t e  b r a z e  i s  se lec ted .  Although b r a z e  s t r e n g t h s  m a y  be of 
2  the  o r d e r  of 6890 k N / m  (1000 ~ s i ) ,  t h e  joint a r e a  c a n  be m a d e  qui te  l a r g e  
s o  tha t  l a r g e  f o r c e s  c a n  be reac ted .  
TABLE 7 




50 - 70% joint pickup 
during a r epa i r  
50 -1000/openetration 
18.3-accomplished by 
c i r c l e  genera tor  
*Div on optics equals 0. 036 mm f o r  the 150-mm work dis tance used. 
Spot Diam 
(Div) :: 
0. 15 mm (0. 006 in. ) 
0. 25 mm (0. 010 in. ) 
0. 25 mm (0. 010 in. ) 


















0. 5 to 0. 5 mm 
(0. 020 to 0. 020 in. ) 
0. 5 to 0. 125 mm 
(0. 020 to 0. 005 in. ) 
0.25 to 0.125 mm 
(0. 010 to 0. 005 in. ) 
Tee joint 0.051 cm (0.020 in.) to 0.013 cm (0.005 in.) 
thickness rhenium sheet 
Cross section (50x1 
Figure 14. Electron Beam Weld 
Figure 15. Electron Beam Welds 
Factors  governing the selection of braze  meta l  and brazing p rocess :  The 
selection of the braze  metal  and the brazing process  was dictated by the 
mater ia l  propert ies  of the engine components and the anticipated operating 
conditions of the engine. The requirements  of each a r e  enumerated below. 
(1) Braze base metal.  
(A) Braze must  wet rhenium, 3 16 SS, 321 SS, and 4270 Ni-Fe. 
(B)  Penetration and solution of component meta l  pa r t s  must  be 
minimal. 
( C )  Metal should contain no volatile constituents such as  zinc and 
cadmium which could in te r fere  with vacuum operation of engine. 
(D)  Braze should requi re  no fluxing agent. 
(E)  Melting tempera ture  should be higher by severa l  hundred 
degrees than the anticipated operating temperature,  but below that 
temperature which would cause the ce ramic  s e a l  to deter iorate .  
( 2 )  Braze  process .  
(A) Because rhenium and tantalum oxidize readily, the engine 
must  be brazed in an iner t  vacuum oi. Hz atmosphere.  
(B)  Close control of the heating cycle i s  required so that over-  
heating of the ceramic  sea l  does not occur.  
After considering a l l  of these fac tors ,  i t  was decided to furnace b raze  the 
assembly, and severa l  potential b r a z e  base  meta ls  were  selected and ordered.  
A tubular furnace re tor t  which could be operated with a vacuum o r  Hz a tmos-  
phere  was used. 
The p r i m a r y  parameter  that had to be established was the upper 
tempera ture l t ime limit  that the c e r a m i c  s e a l  could be subjected to  and s t i l l  
remain  leak-tight a t  the brazed joints. After a number of the sea l s  had been 
heated to specified tempera tures  and for  selected holding t imes,  i t  was 
established that sea ls  remained leak- tight when heated to tempera ture  not 
exceeding 1075OK for  t imes  not exceeding 10 min. Such was the case ,  although 
the braze joints were remelted during this  process .  Seals which were  heated 
to higher tempera tures  o r  for longer t imes  often leaked at  the joints. These 
t e s t s  established the upper l imits  of the b raze  process .  
There was a complete lack of information on the brazing of rhenium meta l  
in the l i terature;  therefore,  in the select ion of potential base meta ls ,  heavy 
reliance was placed on the fact that rhenium and tungsten a r e  s imi lar .  Thus, 
brazes  that wet tungsten should a l so  wet rhenium and so  forth. With this in 
mind, brazes were selected and studied. The composition of the brazes ,  
melting charac ter i s t ics ,  and r e su l t s  of the studies a r e  given in table 8. As 
indicated in the table, the best r e su l t s  were  achieved with the BT braze in 
Hz and with the Lithobraze BT in vacuum. A considerable  t ime a t  tempera ture  
TABLE 8 
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weight % Remarks 
Readily wets rhenium and 42% Ni- F e  
in vacuum o r  Hz. Wets 300- 
s e r i e s  SS in clean, dry  H2 if braze 
t ime is long o r  temperature high. 
Wets 300-series SS in vacuum only 
i f  s ta inless  has been acid pickled 
and vacuum is hard. 










6 1. 5Ag- 24Cu, 
14. 5 In 
Readily wets al l  above materials .  
Has higher temperature capability. 
Can be used in separate  braze  
operation only, since ceramic  - metal  










Readily wets rhenium, 42% Ni- Fe, 
and type 300-series SS in d r y  H2 o r  
vacuum. Improved wetability on 
300-series SS due to  self-fluxing 




Readily wets rhenium and 42% Ni-Fe 
in vacuum o r  H2. Wets 300- 
se r i e s  SS slightly. 
Readily wets rhenium and 42% Ni-Fe 
in vacuum o r  Hz. Wets 300- 
se r i e s  SS only slightly. 
w a s  r e q u i r e d  f o r  the  H2 to  r e d u c e  t h e  oxide  on the  s t a i n l e s s  s t e e l s ,  thus ,  
prolonged b r a z e  t i m e s  w e r e  r e q u i r e d  with the  B T / H 2  p r o c e s s .  T h i s  s i tua t ion  
w a s  not  cons idered  compat ib le  with the  a i m  of mainta in ing the  in teg r i ty  of the  
c e r a m i c  s e a l ;  i t  was  t h e r e f o r e  decided t o  b r a z e  the  f i r s t  engine a s s e m b l y  
with L i thobraze  BT in a h a r d  v a c u u m  ( l o m 5  mm Hg). In i t ia l  checkout  r u n s  
with a dummy a s s e m b l y  p roved  the  f eas ib i l i ty  of t h i s  approach.  P r e b r a z e  
c leaning p r o c e d u r e s  f o r  the  v a r i o u s  component  p a r t s  w e r e  a l s o  es t ab l i shed .  
Based on  t h e  r e s u l t s  of t h i s  s tudy,  the  r e s i s t o j e t  engine w a s  s u c c e s s f u l l y  
joined to t h e  feedthrough a s s e m b l y  o n  the  f i r s t  a t tempt .  The jo in ts  w e r e  
h e l i u m  leak-checked and found to  be  comple te ly  leak-t ight .  T h e  p r o c e d u r e s  
fol lowed in success fu l ly  braz ing t h e  first r e s i s t o j e t  engine and r e c o m m e n d e d  
f o r  o t h e r s  of the  s a m e  type  a r e  s e t  f o r t h  below. 
Al l  joints should be snug f i t s  with a 0. 1 2 5 - m m  (0. 005-in. ) r a d i a l  gap 
loca ted  back of the  fit. The  gap s e r v e s  a s  a  reservoir f o r  the  b r a z e  m a t e r i a l .  
In placing the  b r a z e  m a t e r i a l  i n  the  gap,  one should s e e  tha t  the  0. 005- rnm 
(0. 002- in. ) s h e e t  extends  no m o r e  than 3 m m  ( 1 / 8 in. ) beyond the  joint and 
no l e s s  than 3 mm ( 118 in. ) into the  joint. Th e idea  i s  to  provide  jus t  enough 
b r a z e  to  join the  p a r t s  and p r e c l u d e  the  poss ib i l i ty  of b r a z e  m a t e r i a l  f lowing 
down t h e  p a r t s  and caus ing e l e c t r i c a l  s h o r t s .  
Machined p a r t s  tha t  h a v e  been annea led  f o r  1 h o u r  a t  1 8 7 3 ~ ~  i n  v a c u u m  
r e q u i r e  no f u r t h e r  cleaning,  provided they  a r e  handled  with r e a s o n a b l e  c a r e  
af terward .  S ince  t h e  oxide  s u b l i m e s  when hea ted  above 1 2 7 3 O ~ ,  the  m e t a l  
s u r f a c e s  of the  annealed  p a r t s  a r e  b r igh t  and f r e e  of oxide  contaminat ion .  
W h e r e  requi red ,  m e t a l  p a r t s  m a y  be c leaned  c h e m i c a l l y  by p lac ing t h e m  f o r  
a  time in a 30% H 2 0 2  solution. If the  p a r t s  a r e  p a r t i c u l a r l y  d i r ty ,  they  m a y  
be e lec t ro ly t i ca l ly  c leaned in the  pickling solu t ion  d e s c r i b e d  below. 
T h e  bel lows a s s e m b l y  and t ee - f i t t ings  a r e  a l l  type- 300- s e r i e s  s t a i n l e s s  
s t ee l .  The oxide f i l m s  on s u r f a c e s  t o  be b r a z e d  m u s t  be r e m o v e d  p r i o r  t o  
braz ing.  A n i t r i c  ac id  e l ec t ro ly l t i c  pickling solu t ion  i s  used  f o r  t h i s  purpose .  
T h e  bath compos i t ion  and o t h e r  p a r t i c u l a r s  a r e :  
( 1 )  Composi t ion  - -HNO3, 10% by volume;  HF,  5% by volume.  
( 2 )  Opera t ing  Condit ions-  - 
( A )  T e m p e r a t u r e ,  325OK 
2 ( B )  C u r r e n t  dens i ty ,  0. 038  A / c m  . 
(C)  Ce l l  voltage,  5 V. 
(D)  I m m e r s i o n  t i m e ,  60 to  90 sec.  
(E)  E l e c t r o d e s ,  s t a i n l e s s  s t ee l .  
The c e r a m i c  s e a l  should be washed in  ace tone  to  r e m o v e  any o i l  o r  g r e a s e  
f r o m  the  g lazed su r face .  If the  g r e a s e  is  not r emoved ,  i t  wi l l  be f i r e d  into 
the  g lazed su r face .  
The a s s e m b l y  i s  b razed  with the  Li thobraze  B T  i n  a h a r d  vacuum. Al l  
joints  m u s t  be held f o r  10 m i n  i n  the  t e m p e r a t u r e  r a n g e  1 0 5 3 ~ ~  to  1073OK. 
The v a c u u m  should be below 2 x mrn Hg, ini t ial ly.  Outgass ing  and o t h e r  
r eac t ions  wil l  d r i v e  th i s  up to  5 x a t  t e m p e r a t u r e .  The sequence  of 
even t s  f o r  the  s u c c e s s f u l  b r a z e  r u n  i s  de ta i led  in t ab le  9. 
If the  f u r n a c e  i s  opened too soon, t h e  p a r t s  wi l l  be s l ight ly  oxidized.  
Th i s  d i sco lo ra t ion  c a n  be r e m o v e d  by placing the  feedthrough a s s e m b l y  in the  
H N 0 2 - H F  solut ion  d e s c r i b e d  above. Th i s  so lu t ion  wi l l  a l s o  r e m o v e  any  d i s -  
co lo ra t ion  on the  insu la to r .  Af ter  braz ing,  t h e  e n t i r e  a s s e m b l y  m u s t  be 
l eak-checked  with the  h e l i u m  leak  de tec to r .  
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PERFORMANCE PREDICTIONS 
Heat-  T r a n s f e r  Ana lys i s  
HZ h e a t  t r a n s f e r .  - A deta i led  t h e r m a l  and g a s  dynamic  a n a l y s i s  of the  
Model  I, 0. 0 4 4 - N ,  (10-mlbf ) ,  H2 r e s i s t o j e t  h e a t  exchanger  (fig. 2 )  i s  s u m -  
m a r i z e d  he re in .  
Introduction:  A deta i led  t h e r m a l - r e s i s t a n c e  network was  developed f o r  
the  s y s t e m  s o  tha t  a n  e l e c t r i c a l  analog method could be used.  Th i s  network 
was  s impl i f i ed  to  inc lude  the  m a j o r  f ac to r s  influencing the  t r a n s f e r  of t h e r m a l  
e n e r g y  within the  s y s t e m .  (See  fig. 16. ) A two-d imens iona l  " re laxat ion"  
p r o c e d u r e  w a s  used  to  so lve  the  t h e r m a l  network under  s t e a d y - s t a t e  opera t ing  
condit ions.  S u c c e s s i v e  approx imat ions  w e r e  m a d e  unti l  t he  f ina l  solut ion 
w a s  obtained ( C Q  - 0 a t  nodal points) .  These  r e s u l t s  a r e  bel ieved t o  be within 
*4% of the  ac tua l  values,  based upon the  m a t e r i a l  p r o p e r t i e s  f o r  r h e n i u m  m a d e  
ava i l ab le  by Dr. Rollfinke of C h a s e  B r a s s  and Copper  Company ( t ab le  10). 
A d ig i t a l  c o m p u t e r  p r o g r a m  f o r  the  t h e r m a l  a n a l y s i s  of s u c h  h a r d w a r e  
i s  ava i l ab le  a t  Marquard t .  F o r  the  p resen t  deve lopment  c i r c u m s t a n c e s ,  the  
p r e l i m i n a r y  hand-calcula t ion  phase  which p r e c e d e s  a  mach ine  p r o g r a m  w a s  
c o n s i d e r e d  to be adequate  enough t o  allow a  suff iciently c l o s e  s c r u t i n y  of the 
s igni f icant  h e a t - t r a n s f e r  f e a t u r e s  of th i s  des ign.  
Background:  S ince  t h i s  r e s i s t o j e t  d i f fers  f r o m  prev ious  concen t r i c - tube  
d e s i g n s ,  i t  r e q u i r e d  a  new t h e r m a l  analysis .  Among the  m a i n  d i f fe rences  
which a f fec t  t h i s  a n a l y s i s  a r e  (1 )  the  u s e  of r h e n i u m  ins tead  of tungsten  f o r  
t h e  Jou le -hea ted  e l e m e n t s ,  ( 2 )  a  vacuum " insula tor ,  " and ( 3 )  a  r e m o t e l y  
loca ted  g a s  sea l .  The  bas ic  hea t  exchanger ,  which wi l l  be a s s e m b l e d  by 
e l e c t r o n - b e a m  welding, i s  a  t h r e e - p a s s  annu la r  conf igura t ion  (para l le l - f low,  
counter - f low,  para l le l - f low) ,  w h e r e i n  the i n n e r  wall  of p a s s  2  i s  physical ly 
t h e  s a m e  p a r t  (wal l  4) a s  the  tubular  (outer  wa l l )  p a s s a g e  of p a s s  3 (fig. 17). 
S ince  the  vo lume  between p a s s  1  and pass  2  i s  exposed t o  the  s p a c e  vacuum 
( o r  a  s i m u l a t e d  vacuum in the  t e s t  chamber ) ,  t he  conduction and convection 
h e a t - t r a n s f e r  m o d e s  w e r e  negligible. In addit ion,  a  mul t ip le - l aye red  r a d i a -  
t ion  sh ie ld  w a s  i n s e r t e d  in  the  vacuum jacket  t o  r e d u c e  the  radia t ion  hea t -  
t r a n s f e r  t e r m  to  a  min imum.  
T O  obta in  a c c u r a t e ,  convec t ive -hea t - t r ans fe r  coefficient  va lues  f o r  the  
l a m i n a r  f low of H2, a  s e a r c h  of the  l i t e r a t u r e  w a s  m a d e ,  and s o m e  pe r t inen t  
r e f e r e n c e s  w e r e  evaluated.  The resul t ing  ca lcula t ions  gave loca l  va lues  of 
t h e  f i l m  coef f i c i en t s  along with the  modified G r a e t z  and Nusse l t s  n u m b e r  
v a l u e s  ( t abu la ted  i n  t a b l e  11) and, f o r  the m o s t  pa r t ,  a p p r o a c h  the  asympto t i c  
~ r a l l l e  of  4. 3 6  f o r  ful lv-developed l a m i n a r  f low of a  c o m p r e s s i b l e  fluid. 
- Ambient 
v T .c surroundings 
2 3 4 





Figure 16. Thermal Resistance Network (Typical Section) 
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E l e c t r i c a l  
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19.  0  
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Figure 17. Nomenclature 
TABLE 11 
SUMMARY O F  CONVECTIVE HEAT-TRANSFER COEFFICIENTS 
AND RELATED PARAMETERS (HZ) 
Method: In solving th is  complex hea t - t r ans f e r  problem,  considerat ion 
.must be given to the s imul taneous va lues  f o r  the  enthalpy r i s e  of the  gas ,  the  
heat  dissipated within the metal l ic  wal ls ,  and the  hea t  t r a n s f e r  f r o m  the  wal ls  
by the  modes of conduction, convection, and radia t ion hea t  t r ans f e r .  It  can  
be shown that  because of the thin c ro s s - s ec t i ona l  a r e a s  (with re la t ion to s u r -  
f ace  a r ea ) ,  the axia l  conduction t e r m  i s  s e v e r a l  o r d e r s  of magnitude l e s s  than  
the  convective t e r m  and can  be neglected f o r  the  f i r s t  approximation.  Sim- 
i lar ly ,  if a  radiat ing su r f ace  i s  adjacent  to one having a h igh- tempera ture  
t he rma l  insulation o r  mul t ip le- layered rad ia t ion  shie lds ,  th is  can  be neglected 
f o r  t he  f i r s t  i t e ra t ion  to get  a f a s t e r  covergence,  and the p rob lem can  be 
solved by an  i tera t ive  method with the  neglected t e r m s  reintroduced.  
Trans ien t  and s teady-s ta te  hea t - t r ans f e r  p rob l ems  have been solved fo r  
many yea r s  through the u se  of a n  e l e c t r i c a l  analogy for  Ohm ' s  law. F o r  th i s  
technique, the  heat  flow i s  equivalent  to  t he  e l e c t r i c a l  cu r r en t ,  I, the  t em-  
pe ra tu r e  is equivalent to the e l ec t r i c a l  potential,  E, and the  t h e r m a l  r e s i s -  
tance i s  equivalent to  the e l ec t r i c a l  r e s i s t ance ,  R. Thus,  the  cor responding  
physical  relat ionships in  the e l ec t r i c a l  network can  be re la ted  to a t h e r m a l  
ana lys i s  a s  follows: 
1 for conduction: I 1 
for convection: 
where 
A = c r o s s -  sectional a rea  
C .  s .  
A = surface a r e a  
S 
k = thermal  conductivity 
X = distance 
h = heat t ransfer  coefficient 
A longitudinal section of the 0. 0 4 4 - N  (10-mlbf) resis tojet  i s  shown in 
figs. 2 and 17. The walls were  initially given an estimated tempera ture  
which var ied  with passage length. Similarly, the gas  (HZ) tempera ture  was 
initially estimated a s  a function of passage distance f r o m  inlet, and received 
energy by convective heat t ransfer  f rom the resis tance-heated rhenium walls. 
The net energy in each wall segment depends on the Joule heating within the 
segment, heat t ransfer  red  to the segment by conduction and/or  radiation, 
and /o r  heat t r ans fe r red  f r o m  the segment by conduction, convection, and 
radiation. 
Probably the most  important thermal resis tances in the network a r e  the 
convective o r  f i l m  heat- t ransfer  coefficients which control the amount of 
energy t r ans fe r red  f r o m  the hot walls to the gas throughout the flow passages. 
Although previous analyses have sometimes calculated these values on the 
basis  of a constant Nusselt number, this analysis obtained local values based 
on a modified Graetz number which includes the effects caused by velocity 
and p r e s s u r e  distributions fo r  a laminar flow in concentric annuli. Tabulated 
values fo r  these parameters  a r e  given for this design at  various locations in 
table 1 1. 
The bounda ry  condi t ions  i m p o s e d  o n  t h i s  h e a t - t r a n s f e r  p r o b l e m  w e r e  t h e  
a m b i e n t  t e m p e r a t u r e  (25OC) a n d  the  m a x i m u m  t e m p e r a t u r e  of t he  in su la t ion  
c o v e r  (121°c) .  A m a x i m u m  va lue  f o r  t h e  e l e c t r i c a l  e n e r g y  d i s s i p a t e d  d u r i n g  
t h r u s t o r  o p e r a t i o n  w a s  g iven  as 240 wa t t s ,  whi le  a n  in l e t -bu lk  m e a n  g a s  
t e m p e r a t u r e  of 300°K and  a c h a m b e r  bulk m e a n  g a s  t e m p e r a t u r e  of 2420°K 
w e r e  used f o r  t h i s  a n a l y s i s .  
With t h e s e  spec i f i ed  condi t ions  a n d  t h e  p r o p e r t i e s  of H2 c o m p i l e d  by 
King ( r e f .  7 ) ,  s u c c e s s i v e  t e m p e r a t u r e  v a l u e s  w e r e  ob ta ined  unt i l  t h e  f i n a l  
so lu t ion  w a s  a c c o m p l i s h e d .  A p p r o x i m a t e l y  s i x  i t e r a t i o n s  of c a l c u l a t i o n s  w e r e  
m a d e  until  i t  w a s  c o n s i d e r e d  a c c u r a t e  enough (k470) f o r  u s e  a s  a guide  in  t h e  
h a r d w a r e  d e v e l o p m e n t  phase .  
Ini t ia l ly ,  t he  e s t i m a t e d  t e m p e r a t u r e  d i s t r i b u t i o n  f o r  e a c h  h e a t - e x c h a n g e r  
p a s s  w a s  b a s e d  o n  a n  e s t i m a t e d  g a s - t e m p e r a t u r e  v a r i a t i o n  wi th  p a s s a g e  
length ,  and the  e l e c t r i c a l  and  t h e r m a l  r e s i s t i v i t y  of t h e  r h e n i u m  e l e m e n t s  
w a s  based  on  t h e  above  t e m p e r a t u r e  d i s t r i b u t i o n s .  T o  o b t a i n  t h e  f i n a l  so lu -  
t ion,  t he  v a r i o u s  t e m p e r a t u r e  v a l u e s  had  t o  be " r e l a x e d "  in  o r d e r  t o  s a t i s f y  
a t h e r m a l  ba l ance  a t  e a c h  node,  a s  we l l  a s  t o  s a t i s f y  t h e  c o n s e r v a t i o n  of 
e n e r g y  within the  s y s t e m .  
G a s  d y n a m i c  s u m m a r y :  T h e  g a s  d y n a m i c  c h a r a c t e r i s t i c s  a s s o c i a t e d  
wi th  t h e  t h e r m a l  a n a l y s i s  i s  s u m m a r i z e d  i n  t a b l e  12. T h e  c a l c u l a t e d  p r e s -  
s u r e  d r o p  th rough  t h e  t h r u s t o r  t o t a l ed  38. 6  N / m 2  (5.  6 p s i a ) .  F o r  the  
p l e n u m - c h a m b e r  g a s - p r e s  s u r e  d e s i g n  v a l u e  of 152 k N / m 2  (22  p s i a ) ,  t h e  
2  r e q u i r e d  in le t  ( t e e )  g a s  p r e s s u r e  w a s  p r o j e c t e d  t o  be 190 k N / m  (27.  6 p s i a ) .  
E x p e r i m e n t a l  v a l u e s  w e r e  found to  be h i g h e r ,  303 k N / m 2  ( 4 4  ps i a ) .  T h i s  
d i f f e r ence  i s  not  y e t  fu l ly  unde r s tood .  A n o t h e r  i n t e r e s t i n g  r e s u l t  of t h e  f low- 
p a s s a g e  g a s - d y n a m i c  c a l c u l a t i o n s  i s  t h a t  t he  a v e r a g e  M a c h  n u m b e r  f o r  t he  
f i r s t  two h e a t - e x c h a n g e r  p a s s e s  i s  e x t r e m e l y  low ( b e c a u s e  of t h e  l a r g e  f low 
a r e a s  in t h e s e  two s e c t i o n s )  and  i s  s t i l l  r e l a t i v e l y  low (M = 0. 26)  a t  t h e  
p l e n u m  c h a m b e r .  S i n c e  t h e  fo rego ing  a n a l y s i s  w a s  b a s e d  o n  n o m i n a l  d i m e n -  
s i o n s  of th i s  r e s i s t o j e t ,  m e a s u r e m e n t s  wi l l  h a v e  t o  be  m a d e  to  d e t e r m i n e  t h e  
inf luence  of f l ow p a s s a g e  v a r i a t i o n s  o n  t h e  a c t u a l  h a r d w a r e .  
Resu l t s :  T h e  r e s u l t i n g  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  m e t a l  a n d  g a s  
v o l u m e s  is shown  i n  f ig .  18  and t a b l e  13. E n e r g y - b a l a n c e  t e r m s  a n d  e l e m e n t -  
r e s i s t a n c e  v a l u e s  a r e  s u m m a r i z e d  in  t a b l e s  14 a n d  15. T h e  f a c t  t h a t  abou t  
80% of t he  t o t a l  input  e n e r g y  i s  d i s s i p a t e d  i n  t h e  i n n e r m o s t  e l e m e n t  ( w a l l  4 )  
h a s  both advan tages  and  d i s a d v a n t a g e s .  T h e  m a i n  a d v a n t a g e  i s  t h a t  m o s t  of 
t h e  e n e r g y  i s  d i s s i p a t e d  i n  t h e  c e n t e r l i n e  of t h e  h e a t e r ,  s o  t h a t  a l l  c o n c e n t r i c  
w a l l s  ou t s ide  would i n t e r c e p t  t h e  t ' l o s s e s t '  of h e a t  f r o m  t h e  i n n e r  e l e m e n t s  and ,  
t hus ,  i n c r e a s e  t h e  t h e r m a l  e f f i c i ency  of t h i s  d e s i g n .  T h e  p r i m a r y  d i s a d v a n -  
t a g e  would b e  t h a t  t h e r e  could  be a l a r g e  r a d i a l - t e m p e r a t u r e  g r a d i e n t  a c l - c ~ s s  
t h e  nozz le  s u p p o r t  wh ich  m i g h t  l i m i t  i t s  s t r u c t u r a l  l i fe .  
T h e  m a x i m u m  wa l l  t e m p e r a t i l r c  to u n a s ~ t ~ ~ ~ i n l  g a s  t c.i1lpt~1-ntui-r~ c I i f f t ~ ~ - c ~ n c - c ~  
i s  1 0 0 ~ ~  i n  t h i s  des ign .  Thc  t h t x ~ - n ~ a l  e f f i c ~ v n c y  o r  t h c ~  p t ~ r c c n t a f i c ~  of thc, 
e n e r g y  of t h a t  siipplicxci whlch  is transfci-rc.ci to thta g a s  1s 91.  6";. 
TABLE 12 
SUMMARY O F  FLUID FLOW PARAMETERS (Hz)  
One a r e a  of poss ible  heat  l o s s  i s  the nozzle  suppor t  sect ion which 
e l ec t r i c a l l y  connects  the  inner  e lement  with the ou te r  c a s e  (fig. 17). For tu -  
nately,  approx imate ly  7070 of the energy in th i s  sect ion i s  t r a n s f e r r e d  to  the 
ga s  in  t h i s  t r an s i t i on  between p a s s  1  and p a s s  2; however,  un less  the th ickness  
of t h i s  p a r t  i s  ca re fu l ly  controlled,  excess ive  l o s s e s  m a y  occu r  s ince  t h e r m a l  
conduction i s  d i rec t ly  propor t ional  to c r o s s -  sect ional  a r e a .  
On the  bas i s  of a  t h e r m a l  analys is ,  the  corresponding res i s t iv i ty  values  
of r hen ium and the  nominal  c ross - sec t iona l  a r e a s  given in the r e f e r ence  
drawing,  t he  c u r r e n t  and voltage values a t  the s t eady-s ta te  operat ing condi- 
t ion f o r  a n  input power of 240 watts  we re  calcula ted to be 40 a m p s  and 
6. 0  volts .  The t h e r m a l  inventory, which indicates  the  t he rma l  capacity of 




~ ~ r n / c r n ~ -  secl  
0.  087 
0.  067 
0.  050 
0 .435  
1 .344 
1 .344 
3 . 1 8 :: 
P a s s  
no. 
Inlet 
No. 1  
Trans i t ion  
No. 2  
No. 3  
P l enum 
Throa t  
T h e r m a l  insulat ion capabil i ty of vacuum jacket. - Limiting the high t e m -  
p e r a t u r e  t o  the  c o r e  and par t i cu la r ly  to the  vicinity of the nozzle inlet i s  
:::Since Cd = Af /Aieom = 0. 865, W = 2. 75 fo r  the given m a s s  flow 
geom 
r a t e .  
Note: The  geome t r i c  nozzle a r e a  ra t io ,  A/A:::, w a s  var ied  f r o m  100: 1  to  
25: 1  inc rementa l ly  by machining the  divergent  cone.  The purpose  
w a s  t o  al low exper imenta l  optimization of the nozz le lhea t  exchanger 
s y s t e m .  
d e s i r a b l e  f o r  t h e r m a l  efficiency. Because of i t s  s m a l l  r ad ia l  s i z e ,  hence, 
s e v e r e  t e m p e r a t u r e  gradients ,  the mill ipound-clas s  t h ru s to r  r equ i r e s  the 
in t roduct ion of addit ional  r ad ia l - the rmal  insulat ion techniques o\-er  those  
przvisus!y used  succescfn!l;r in t he  l a r g e r  concentr ic  engines. The LTacuum 
jacket  about  the  cen t r a l  heating element i s  shown h e r e  to be sufficient  a s  an 
addi t ional  technique to e n s u r e  a n  efficient ( 10-mlbf)  t h ru s to r  des ign.  
P r e s s u r e  
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T A B L E  13 
SUMMARY O F  T E M P E R A T U R E  DATA ( H ~ )  
r 
In t h e  h a r d  v a c u u m  of s p a c e ,  t he  r a d i a l - g a s e o u s - c o n d u c t i o n  t e r m  i s  
shown  t o  b e  i n f i n i t e s i m a l l y  s m a l l  a c r o s s  t h e  jacke t .  T h e  only p r o b l e m  d u r i n g  
d e v e l o p m e n t  t e s t i n g  i s  t o  e n s u r e  t h a t  th i s  i s  s i m u l a t e d .  T h i s  s e c t i o n  p r e s e n t s  
a n  a n a l y s i s  of t h i s  p r o b l e m  f o r  t h e  Model  I  t h r u s t o r  (fig.  2 )  in  r e l a t i o n  t o  t h e  
E l e c t r o t h e r m a l  L a b o r a t o r y ,  t h e  f ac i l i t y  t o  be  u s e d  f o r  l i f e  t e s t i ng .  
P a s s  
no. 
S t e m  
In l e t  e x i t  
[ i n  No. 1 ou t  
T r a n s i t i o n  
No. 2  
i n  
No .  3 ( 
o u t  
i 
Fig .  19  s u m m a r i z e s  t h e  h e a t  conducted  (by  g a s e o u s  conduct ion  only)  
a c r o s s  t h e  j a c k e t  f r o m  t h e  o u t e r  hea t ing  e l e m e n t  t o  t h e  i n s l d e  of t h e  c a s e  a s  
a f u n c t i o n  o f  j a c k e t  p r e s s u r e .  T h i s  a s s u m e s  f o u r  i n t e r p o s e d ,  equa l ly  s p a c e d  
r a d i a t i o n  s h i e l d s  a n d  u s e s  t h e  o u t e r  annu lus  a s  a  b a s i s  of c o n s e r v a t i v e  e s t i m a -  
t i o n  of t h i s  m o d e  of hea t - f l ux  cont r ibu t ion .  T h a t  i s ,  t h i s  m o d e  of h e a t  f l ux  1s 
f r o m  s h i e l d  t o  sh i e ld .  T h e  l a r g e s t - a r e a  l o w e s t - t e m p e r a t u r e  l e v e l  wh ich  i s  
t h e  l a s t  a n n u l a r  s p a c e  r e p r e s e n t s  t h e  l a r g e s t  ( m o s t  c o n s e r v a t ~ v e )  h e a t  f low 
f r o m  a  f r e e - m o l e c u l e  po in t  of view. 
G a s  
t e m p e r a t u r e  (OK)  
300 
4 5 0 
4 60 
700 
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TABLE 14 
SUMMARY O F  MAJOR ENERGY BALANCE TERMS 
TABLE 15 
CALCULATED ELEMENT RESISTANCES AND THERMAL INVENTORY 
hoA avg 
s 
( w a t t s l 0 ~ )  
0. 25 
0.  14 
0 .  50 
0. 14 
0. 16 
0.  27 
0.  17 
0 .  15 
In te rna l  hea t  
genera ted  p e r  wal l  





3 . 0 0  
1 .02  
1. 11 
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no. 
S t em 
Inlet  
No. 1 




L o s s e s  to 
surroundings  
T h e r m a l  
capaci ty  
(watt-  s e c )  
63. 1 
49. 1 
490 .0  
414. 5 
84. 1 
166 .4  
301. 5 
145. 6 
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S t e m  
Inlet  
No. 1 
Trans i t ion  
No. 2 
No. 3 
G a s  enthalpy 
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Figure 19. Gaseous Conductive Radial Heat Flow w ~ t h  jaci<et Pressure i K 3 i  
There a r e  three  reg imes  of gaseous conductive heat flow (fig. 19): 
continuum, transition, and f r e e  molecule. As i s  well known f rom a kinetic 
theory point of view (Maxwell, c i rca  1860)~ gaseous thermal  conduction 
(continuum) i s  independent of p res su re .  It i s  a somewhat weak function of 
temperature direct ly  related to the 0. 69 power of the tempera ture  to a f i r s t  
approximation. The effective temperature used in fig. 19 i s  1000°K for  a l l  
regimes.  
Gaseous conductive flux under f r e e  molecule flow i s  proportional to 
p res su re  a s  shown by eq. ( 9 )  taken f r o m r e f .  8 using the original notation. 
where 
A0 = f ree  molecule heat conductivity at  2 7 3 O ~  
- 1.468 x ~ a t t s / c m - ~  deg- '  micron - 1 
A0 - Y -  1 )  ( 10) (112) 
The conductive flow under continuum assumptions,  a s  governed by the 
Fourier  Law, i s  given in eq. ( 1  1) for flow between two concentric cylinders,  
The intersection of the extrapolated two-linear relationships f r o m  
eqs. ( 9 )  and (11) for the specific problem occurred  a t  a Knudsen number 
around 1.0. F r o m  kinetic theory i t  can be shown that Knudsen number where 
this occurs is 
As in s imilar  problems, the "transit ion zone" i s  too complex to compute 
easi ly  and i s  approximated by a faired curve beginning a t  a Knudsen number 
of two orders  of magnitude either side of the uc ross -ove r"  value. 
The radial radiation t e r m  a c r o s s  the jacket i s  approximately 10 watts.  
A gaseous conduction t e r m  of this same  o rde r  would not be severe .  It i s  
seen f rom fig. 19 that jacket p r e s s u r e s  of the o r d e r  of 360 pmHg a r e  required. 
Slightly lower pumping p r e s s u r e s  (200 pmHg) a r e  required because of the 
thermal  transpiration effect, o r  I T  
The geomet ry  upon which fig. 19 i s  based i s  the  Model I development 
t h ru s to r .  The important  d imensions  of the p rob l em a r e  summar i zed  in 
table  16. 
A t empe ra tu r e  level  of 1 0 0 o O ~ ,  with a t e m p e r a t u r e  di f ference of 3 0 0 ~ ~ ~  
w a s  a s sumed  f r o m  pre l iminary  heat-  t r ans f e r  ana lys i s .  
The accommodation coefficients used w e r e  a s s u m e d  to be c lose  to the  
0. 54 of c lean  tungsten i n  H2 a t  1 2 7 3 ~ ~ .  The Knudsen numbers  w e r e  evaluated 
using a m e a n  f r e e  path, L, nea r  Maxwellian velocity distr ibution,  by eq. (14). 
I The viscosity,  q ,  of H2 a t  1 0 0 0 ~ ~  was taken a t  1. 999 x lo -4  g / c m  s e c  
and the e a r l i e r - u s e d  t h e r m a l  conductivity of 1 .047 x 10-3 c a l l c m  s e c  OK 
I w e r e  taken f r o m  G r i e r  ( ref .  9) .  
Simulation in  the  laboratory:  Fig. 20 gives  the  pumping- stat ion capabil i ty 
(manufac tu re r  ' s data)  of the E lec t ro thermal  Laboratory.  The requ i rement  of 
one HZ engine a t  a specific impulse  of 720 s e c  i s  6. 3 x 10-3 g / s e c ;  for NH3 
2 a t  320 sec ,  i t  i s  1.42 x 10- g / s ec .  The  resul t ing ce l l  p r e s s u r e  fo r  H2 i s  p r o -  
jected t o  be 30 pmHg, giving a jacket p r e s s u r e  of 54 pmHg. The resul t ing 
gaseous  conduction t e r m ,  f r o m  fig. 19, is  1. 5 wat ts  o r  approximately  0. 6v0 
of the to ta l  input power, a n  insignificant t e rm .  NH3 i s  seen  to  incur  even 
l e s s  l o s s .  
, TABLE 16 
PERTINENT MODEL I THRUSTOR DIMENSIONS 
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Figure 20. Inlet Pressure of 16-in. Ring Jet Booster With 300 cfm Microvac Forepump as a Function of M a n  Flow Rate 
I Two H2 and four NH3 0. 044-N (10-mlbf)  r e s i s t o j e t s  a r e  t o  be l i fe  t e s t ed  
on a 50% duty cycle. Table  17 shows the propellant  r equ i r emen t s  at  any one 
I t ime ,  that  i s ,  half the  s e t  above. 
The to ta l  equivalent flow exp re s sed  a s  H2 i s  0 .  0130 rr lsec.  Th is  i s  seen 
to  r e su l t  in  a ce l l  p r e s s u r e  of 120 pmHg o r  220 ~ m H g  1ac1;t.t p r e s s u r e .  The 
resul t ing r ad i a l  heat  flux i s  6 wa t t s  o r  2. 54; of input pov.er. By the  u s e  of a 
vacuum line t o  a separa te ly  supplied hard-vacuum pump, the  rad ica l ly  con- 
ductive hea t  t e r m  can  be reduced t o  essent ia l ly  nothing i f  d e s i r cd .  It i s  
ant ic ipated that  th i s  vacuum line wil l  not be requ i red .  
I 
In the h a r d  vacuum of space  with the jacket esposc-1, thc  conrluctive heat  
t e r m  i s  s een  t o  be  of the o r d e r  of watts,  o r  an  inf in i tes imal  amount.  
Fig .  2 1 shows the capabil i ty of a n  a l t e rna t e  faci l i ty a t  The Marquard t  
Corporat ion,  Van Nuys, California.  
NH3 hea t  t r an s f e r .  - The ba s i c  configuration of the 0. 014-X (10-mlbf)  
r e s i s t o j e t  using H2 a s  the working fluid was desc r ibed  in the  t h e r m a l  
ana lys i s .  A t h e r m a l  and gas  dynamic analys is  was  subsequent ly  made  us ing 
NH a s  the propel lant  in  o r d e r  to  p red ic t  any potential  development  p rob l ems  3 The s a m e  methods ,  a s  desc r ibed  e a r l i e r ,  w e r e  used to  obtain the  r e su l t s  
s u m m a r i z e d  in  fig. 22  and tables  18 through 22.  
The  t e m p e r a t u r e  of the two inner -hea te r  e lements  was  slight1 y h ~ g h e r  
fo r  the  NH3 ca se ,  and the resu l t an t  t e m p e r a t u r e  of the, s t a i n l e s s - s t e e l  
insula t ion cover  would be about 8 0 ' ~  higher than nit11 112 for  the s a m e  physical  
design.  The  t h e r m a l  eff iciency o r  the percentage of the e l e c t r i c a l  energ\ -  
supplied which i s  t r a n s f e r r e d  t o  the gas  i s  87?,. 
I Thi s  e a r l y  ana lys i s  was  made  fo r  3 a tm,  xvhile tcsi lni,! xT a s  d o n c  1atc.r a t  
1. 5. While no d i r ec t  compa r i son  can  be  made,  the conclusi ,  ns a r e  p r e sen t ed  1 a s  being useful .  
A s u m m a r y  of such  gas-dj -namic  p a r a m e t e r s  a s  Mach number ,  p r e s s u r e  
drop,  and  f low p e r  unit a r e a ,  w / a ,  for  NH3 through thc, pa s sages ,  a total  
p r e s s u r e  d rop  of only 13. 8 k ~ / r n z  (2. 2 ps ia )  was  calcula ted for th is  t h ru s to r  
conf igurat ion.  The re fo r e ,  f o r  the  des ign p lenum-chamber  c a s  p r e s s u r e  of 
304 k N / m 2  (44. 1 p s i a ) ,  the r equ i r ed  inlet ( t e e )  gas  p r e s s u r e  x~rould be about 
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Figure 21. Inlet Pressure of an 18 by 41 High Vacuum Roots Blower as a Function of Mass Flow Rate 
The average Mach number values for the f i r s t  two heat-exchanger p a s s e s  
a r e  essentially constant and ex t remely  low (M = 0. 002) because of the l a rge  
flow a r e a s  in these  sections. The plenum chamber  Mach number with NH3 
i s  0. 12, a s  compared with 0. 26 for  the H2 operation. 
Because of the lower t he rma l  conductivity of NH3, a s  compared  with Hz, 
the convective heat t r ans fe r  coefficients w e r e  substantially lower ( s ee  table 19). 
This resulted in a l a r g e r  gas- to-wal l  t empera tu re  difference and, thus, a 
slightly lower t he rma l  efficiency ( s e e  tab les  20 and 21). 
On the bas i s  of this t he rma l  and gas  dynamic analysis  of the Model I 
th rus tor ,  the res is t ivi ty  values of rhenium, and the nominal c r o s s -  sectional 
a r e a s  of the elements,  the overal l  e l ec t r i ca l  cha rac t e r i s t i c s  ( that  i s ,  cu r r en t  
and voltage values)  of the NH3 th rus to r  f o r  a s teady-sta te  operating condition 
of 150 watts was calculated to  be 31. 0 a m p s  and 4. 82 volts ( s e e  table  22). 
The corresponding the rma l  inventory r e su l t ed  in a total  of 1 420. 9 wat t - sec  
when using NH3 in this thrustor .  
No-Flow heat t ransfer .  - The heat exchanger configuration of the 
Model I res is toje t  was analyzed f o r  s teady-s ta te  low-power operation,  a s  
shown in fig.  23, without propellant flow. The t h e r m a l  problem i s  unique in 
that no heat i s  t r a n s f e r r e d  by convection, since the re  i s  nei ther  a working 
fluid nor a gaseous a tmosphere  (vacuum t o  s imulate  space environment).  
1 2 
Passage length (crn) 
-- 
* 
Propellant NH3 (3 atrn plenum) 
Power, Pe 150 watts 
Transit~on 
Figure 22. Heat Exchanger Thermal Analysis iviociei i Fiesisiojet (?Hz! 
TABLE 18 
SUMMARY O F  FLUID FLOW PARAMETERS (NH3) 
P a s s  
no. 
In le t  
No. 1 




Throat '  
T A B L E  19 
SUMMARY O F  CONVECTIVE HEAT- TRANSFER COEFFICIENTS 
AND R E L A T E D  PARAMETERS (NH3) 
P r e s s u r e  
d r o p  
  NU^ h = -  
0 Dh 
(wa t t s  I c m z 0 ~ 1  
0 .  0 13 
0 . 0  12 
0. 0 15 
0 . 0 2 0  
0 . 0 2 1  
0 . 0 1 6  
0 . 0 4 6  
0 .  187 
0 . 3 5 0  
0 .  247 
0 . 3 4 9  
0 . 4 2 1  
Mach  no. 
(avg) 
0 . 0 0 2  
0 . 0 0 2  
0 . 0 0 2  
0 .026  
0 . 1 1 3  
0 .  120 
1.000 
2 ( k N / m  ) 
0 . 0 0 7  
0 . 0 3 4  
0 .002  
3 .  10 
11.80 
- - -  




6 . 7 5  
4.  72 
4 .  56 
4.  5 1  
4 . 4 3  
4.  51  
4 . 4 1  
4 . 3 7  
4 . 4 0  
4 . 3 9  
4 .  38  
(ps ia )  
0 . 0 0 1  
0 . 0 0 5  
0 .0003  
0 .450  
1. 761 
- -  - 
- - -  
X / D  
N ~ e N ~ r  
0 . 0 0 5  
0. 014 





1. 8 7  
3 .  70 
0. 92  
1. 29 
1. 57 
P a s s  
no. 
( 1  c m  f r o m  
tee )  
Inlet  avg  
No. 1 inlet 
Avg 
Out 
Trans i t ion  
Avg 
No. 2 inlet 
Avg 
Exi t  
No. 3 inlet 
Avg 
Chamber  
Flow a r e a ,  
Af 
2 ( c m  ) 
0 .070  
0 . 0 9 1  
0. 121 
0. 014 
0 . 0 0 4 5  
0 .0045  





2 ( g m l c m  - s e c )  
0. 171 
0. 132 
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T A R L E  20 
SUMMARY Oh' T E M P E R A T U R E  DP TA (?; ' t i , )  
T A R L E  21 
SUMMARY O F  MAJOR EYERGY BALAKC F.  TERMS (NH31 
- 
P a s s  
no. 
S t e m  
In l e t  
No. 1 
T r a n s i t i o n  
No. 2  
No. 3 
T o t a l  
L o s s e s  t o  
s u r r o u n d i n g s  
"h 1 3 0 ' 4  = 0 .  87 1 5 0 . 4  







2- 3 ( 1 - 4  
I : 
4 
G a s  en tha lpy  
r i s e  pcr  pas  - 
( w a t t s )  
1. 0 
4. 9 
20.  0  
13. 0  
55.  0  
36.  5  
130.  3 
20. U 
-- 
Intc : n a l  h e a t  
g e n e r a t e d  per  wall 
(wa t t  sl 
2 .  30 
1 .  6 1  
2 .  00 
1. 32  
1. 87 
0 .  63  
0 .  69 
2 0 .  0 
50 .  0  
69 .  5 
149.  9; 
TABLE 22 
CALCULATED ELEMENT RESISTANCES AND THERMAL INVENTORY (NH3) 
No-flow solutions have been shown in table 23, that  is ,  (1) power input 
required to  l imit  the s ta inless  s tee l  insulation cover  to  394OK and (2)  power 
input required to maintain the inner  rhenium element  ( tube) a t  2600°K. 
One c r i t i ca l  operational p roblem with the no-flow th rus to r  mode i s  that  
dimensional and density variations in the m a t e r i a l  c r o s s -  sect ion of rhenium 
pa r t s ,  par t icular ly  the inner e lement  and outer  element,  strongly a f fec t  
e lectr ical  res is t ivi ty .  If c a r e  i s  not exe rc i sed  during init ial  no- flow opera-  
t ion on each unit, a l tburn-out l l  could occur  in the inner  tube.  A second 
problem has  to do with the integrity of the Min-K-2000 t h e r m a l  insulation 
ma te r i a l  a t  the high thrustor  ou te r - case  t empera tu re s  during no-flow opera-  
tion. A third  possible problem a r e a  i s  the high t empera tu re  of the t h rus to r ' s  
inlet wall which occurs  during no-flow operation.  
The rma l  
capacity 









1 420. 9 
P a s s  
no. 
S tem 





Steady-state operation of the Model I t h rus to r  a t  a n  input power level of 
10. 5 watts with no propellant flowing through the unit i s  feasible  without 
damage. At  this  power level, the max imum tempera tu re  of the inner  e lement  
would be approximately 1990°K, and  the m e a n  t empera tu re  of the s ta in less -  
s tee l  insulation cover would be 3 9 4 O ~ .  To a t ta in  a rhenium-wall  maximum 
tempera ture  of 2 6 0 0 ° ~ ,  the Min-K- 2000 thermal- insulat ion t empera tu re  a t  
the in te r face  with the rhenium outer  c a s e  would exceed the maximum contin- 
uous operating tempera ture  of 1 3 0 0 ° ~  specified by the manufac turer  of the 
ma te r i a l  (John Mansville Corp. ). This  suggests  the use  of radiation shields 
between the outer ca se  and insulation. 
R cold - 
R hot 36 977 - 0. 238 - 155217 - 
* 
Elec t r ica l  res i s tance  
in t tcold" s ta te  
















I I ::  
I : 
4 
Elec t r ica l  res i s tance  
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TABLE 23 
SUMMARY O F  TEMPERATURE DATA 
(No Propellant Flow) 
Nozzle Per formance  Analysis 
Nozzle efficiency. - An accura te  prediction of the r e s i s to j e t ' s  propellant 
utilization ( thrust  p e r  unit of m a s s  flow ra t e )  requi res  a n  accura te  prediction 
Case (2) 
Mean wall temperature,  


















of the kinetic-eneigy- conver sion efficiency of the thrus tor  nozzle. - This 
efficiency, 'IN, i s  the square  of the rat io  of the delivered specific impulse to  
the ideal specific impulse of the thrustor .  
Case (1) 
Mean wall temperature,  














































The subscripts a r e  used to indicate that the specific impulse includes 
losses  caused by frozen flow, F, incomplete expansion, E, divergence of the 
flow leaving the nozzle, D, and viscous effects, V. The nozzle efficiency 
then, i s  the product of the efficiencies which account for these four effects. 
4 
d 
The product qE qD qv can be optimized fo r  given thrus tor  s izes  and 
operating conditions ( p r e s s u r e  and tempera ture) .  Optimum values of this 
product can be cor re la ted  with Reynolds number.  
1 The frozen flow efficiency i s  given by 
'Pideal, frozen 
'Pideal, equil ibrium 
I Combining eqs.  ( 15), ( 16), and ( l 7 ) ,  the Reynolds-number- dependent 
product i s  found to  be 
"ideal, f rozen 
I i s  the specific impulse with a l l  l o s s e s  considered; there-  
S P ~ ,  E, D, V 
I fore, it i s  the actual  delivered specific impulse of the th rus tor  in space and i s  given by 
I I 
S P ~ ,  E, D, V ="E 'D 'V SPideal, f rozen  
The ideal  frozen-flow specific impulse which, in the subscr ipt  notation 
i s  s imply I , i s  accurateiy  determined f r o m  IBM computer res is toje t  
S p ~  
pe r fo rmance  solutions. 
An extensive survey and correlation of exper imental  data for pure  gas  
rocket  was  conducted and compared with analytical  nozzle performance 
models  to  a r r i v e  a t  the Reynolds-number-dependent product 
F r o m  these  data, the optimum value of the efficiency product in eq. ( 2 0 )  
was  es tabl ished (fig. 24).  The experimental  data used were  f rom Marquardt,  
AVCO, Rocket Research ,  and NASA thrustor  t e s t s .  Also used were  extensive 
data f r o m  thrusters using two propellants and  having var ious nozzle geome- 
t r i e s .  These  la t te r  data a r e  proprie tary and will be published la te r .  
Figure 24. Predicted Resistojet Nozzle Performance 
The descr ibed approach r e l i e s  p r imar i ly  on experimental  data to define 
the optimum overal l  nozzle efficiency (eq. 16). It does resul t ,  therefore ,  in 
a m o r e  rea l i s t i c  evaluation of the nozzle performance.  The usual  methods 
involve a separa te  evaluation of the expansion divergence and viscous 
efficiencies. It i s  difficult to  es tabl ish each of these values accurately ,  l e t  
alone the optimum product q E ' 1 ~  q ~ *  
Calculated specific impulse:  The actual specific impulse  i s  calculated 
f r o m  eq. (19) with the ideal  frozen-flow specific impulse.  An i terat ive 
procedure i s  used to determine the nozzle- throat-diameter  Reynolds number,  
which, in turn,  defines the efficiency product, qE qD qV,  f r o m  the optimum 
nozzle per formance  correlation.  
Two equations a r e  used in the i teration.  The f i r s t  of these defines the 
nozzle th roa t  diameter and i s  derived f rom m a s s  continuity and the specific- 
impulse  definition result ing in 
D :: F 
geom ( ~ I A : : :  
s P ~ ,  E, D, V eff) 
In eq. (21) ,  F i s  the th rus t  in  pounds force,  C i s  the dimensionless D 
nozzle d i scharge  coefficient (fig. 24), m is the th rus tor  m a s s  flow ra t e  in 
pounds m a s s  pe r  second, and A::: i s  the effective a r e a  of the nozzle throat  
e f f  
in sq  ft. The equation gives the geometr ic  th roa t  diameter  in feet. The m a s s  
flow ra t e  p e r  unit of throat  effective a r e a  i s  accura te ly  given by the IBM 
rocket-nozzle-program computer solutions. A Reynolds -number es t imate  i s  
made  to  evaluate the nozzle discharge coefficient and actual  specific impulse.  
The second equation in the solution is  the  definition of Reynolds number 
a t  the nozzle throat.  
. J, 
( p u) 'I* D '. 
- 
geom 
 re^::: - P*'. ., 
.!, 
The denominator i s  the viscosity a t  the nozzle throat,  while ( P U ) ~ '  i s  the 
mass-ve loc i ty  a t  the throat which i s  equivalent to the m a s s  flow ra t e  pe r  
unit of t h roa t  a r ea .  F o r  convenience in  interpreting experimental  data, the 
m a s s  flow r a t e  i s  ratioed to  the geometric throat  a r e a .  Using the specific 
impul s e  definition, 
the Reynolds number becomes 
8 2.274 x 10 F R e ~ : k  = I D g * tJ -I, ' I .
S P ~ ,  E, D, V 
with viscosity in micropoise units. 
The throat diameter  calculated f rom eq. (21) i s  used in eq. (24) to obtain 
a corrected Re a. Equation (20) i s  re-evaluated, and the procedure i s  repeated D 
until a Reynolds-number closure i s  obtained. 
Figs. 25 and 26 present  the actual specific impulse for 10-mlbf resis tojet  
thrustors  for H2 and NH3. 
Calculated required power. - The e lec t r ic  power that must  be supplied 
to the resistojet  thrustor  depends on (1) the power intially in the propellant, 
(2) the power required in the propellant, and (3 )  the thermal  efficiency of the 
heater .  The heater  efficiency, 1 H, i s  defined a s  the ra t io  of the power in the 
gas leaving the nozzle, Pea S, to the total input power. The total input power 
u 
i s  the sum of the e lec t r ic  power, Pelec, and the power initially in the propel- 




+ P  
'H Pelec prop 
Solving eq. (25)  for the e lec t r ic  power required 
The values of heater  efficiency will change with each vehicle installation. 
F o r  general applicability, the minimum power requirements  a r e  presented 
here,  that i s  for q = 100yo. In application studies,  prel iminary design 
values of heater e F ficiency pe rmi t  the actual  e lectr ic-power requirements  to 
be readily calculated. 
Considering eq. (26) in m o r e  detail, the power in the gas  and initially 
in the propellant can be expressed a s  a product of propellant m a s s  flow ra t e  
and corresponding enthalpy changes. 
Chamber temperature ( O R )  
7 400 1600 1800 2000 2200 2400 
Chamber temperature (OK)  
Figure 25. Resistojet Delivered Specific Impulse (H2) 
Chamber temperature (OR) 
Chamber temperature (OK) 
Figure 26. Resistojet Delivered Specific Impulse (NH3) 
The m a s s  flow r a t e  m a y  be read i ly  computed f r o m  the spec i f i c - impulse  
defini t ion eq. (23) in e a c h  case .  In eqs .  (27)  and  (28) ,  h i s  the enthalpy of 
the  propel lant .  Subscr ip t  (0)  r e f e r s  to  a r e f e r e n c e  enthalpy a t  O°K. 
Subscr ip t  (1 )  r e f e r s  t o  the in i t ia l  ( a s  - supplied) p rope l l an t  condition, while 
s u b s c r i p t  ( 2 )  r e f e r s  to  the f ina l  c h a m b e r  condition of the gas .  T o  avoid 
having to  evaluate  in i t ia l  power in  the  gas ,  for p r e l i m i n a r y  des ign p u r p o s e s ,  
the  h e a t e r  ef f ic iency va lues  (denoted ?&) supplied in  th i s  sec t ion  a r e  based  
upon h l  taken equal  to  2 9 8 O ~  ( 5 3 6 O ~ ) .  F o r  c a s e s  w h e r e  h l  i s  equal  to 2 9 8 O ~  
eq. (26)  i s  s impl i f ied  t o  
P 
P - €.as - 
e lec  
t h e  a c t u a l  e l e c t r i c  power  i s  r ead i ly  evaluated by dividing the min imum 
r e q u i r e d  power ,  P in eq. (29),  by q h .  ga s 
The m i n i m u m  r e q u i r e d  powers  p r e s e n t e d  in f igs.  27 and 28 c o r r e s p o n d  
t o  ini t ial  p rope l l an t  ( 1 )  taken a t  298OK. T h e r e f o r e ,  fo r  t h t  c u r v e s  in  figs. 27 
and  28, e l e c t r i c  power  r e q u i r e m e n t s  c a n  be found by dividing by the  respec t ive  
h e a t e r  e f f i c i enc ies .  P r e l i m i n a r y  des ign values  of the  hea te r  ef f ic iencies  ( qIH) 
a r e  included a s  fig. 29. 
Tab le  24  p r e s e n t s  a  s u m m a r y  of the  design conditions for  the Model I 
t h r u s t o r .  
Chamber temperature 
Chamber temperature 
Figure 27. Resistojet Minimum Power Requirement (Hz) 
Chamber temperature (OR) 
1 I I I I 1 1 
1400 1600 1800 2000 2200 2400 2600 
Chamber temperature (OK)  
Figure 28. Resistojet Minimum Power Requirement (NH3) 
Chamber temperature ( O R )  
Chamber temperature (OK) 
Figure 29. Preliminary Resistojet Heater Efficiencies ( H z )  
TABLE 24 





4 . 4  
0. 25 t o  0. 42 
0. 26  
0. 15 
0 .  30 
4 . 2  
0. 78 
0 . 5 3  
0. 306 (17. 5) 
20 to 110 ~ 
0 .  63 
Chamber  
P r e s s u r e ,  atm 
G a s  t empe ra tu r e ,  OK 
Exit  Reynolds number  
Exit  Nussel ts  number  
F i l m  factor ,  w / c m Z 0 ~  
Exit  Mach number  (avg) 
E lement  wall ,  mm 
Inner  heating 
Outer  heating 
Inner e lement  length, c m  
Inner e lement  ID, mm 
Throa t  d i ame te r ,  mm 
Nozzle half-  angle,  r a d  (O)  
A r e a  r a t i o  
Throa t  r ad ius ,  mm 
1 .5  
2420 
288 
4 . 4  
0. 4 to  0. 6 
0. 26 
0.  15 
0.  30 
4 . 2  
0. 78 
0. 53 
0. 306 ( 17. 5)  
1 20 to  110 
0 .  63 
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MODEL I TESTS 
T e s t  Plan 
T e s t  fac i l i ty  and ins t rumentat ion.  - The faci l i t ies  and ins t rumentat ion 
u sed  in development tes t ing of the  prototype 0. 044-N (1 0-mlb)  t h ru s to r  a r e  
shown in fig. 30. The e l ec t ro the rma l  l abora to ry  a t  The Marquard t  Co rpo ra -  
tion h a s  65. 2 m 2  (702 sq  f t )  of f loor space .  The  h e a r t  of the l abora to ry  i s  
the vacuum chamber ,  which i s  0. 9-m d iam and 2 - m  long. The chamber  
pumping s y s t e m  cons i s t s  of a 0. 40 -m (16-in. ) Stokes r ing- je t  boos te r  backed 
u p  by a 1 4 0 - ~ / s e c  (300 c fm)  mechanical  pump. Without cooled baffles, the  
u l t imate  vacuum of the s y s t e m  i s  about 0. 3 p m  Hg. 
E i t he r  of the two propel lant  sy s t ems ,  m a y  be  used  in  constant  m a s s  flow 
o r  constant  p r e s s u r e  mode  by valving the flow con t ro l l e r  in o r  out of the c i r -  
cuit.  The  m a x i m u m  e r r o r  i n  the  m a s s  flow s y s t e m  i s  es t imated  to be  
approx imate ly  1. 5%. This  e r r o r  i s  mainly in  the  ro t ame te r  f lowmeter  readout.  
Power  is provided by a 20-volt, 125-A, s i l icon-control led  r ec t i f i e r  with 
two se lec t ive  modes  of operat ion:  constant  voltage and constant  cu r r en t .  The  
l a t t e r  mode  e l imina tes  ca tas t roph ic  fa i lu res  i n  c a s e  of shor t ing during devel-  
opment tes t ing.  The supply voltage i s  regulated to f O .  08y0 in the  constant  
voltage mode.  
The  p r ima ry -e l ec t r i c -power  indicator is a digital  vol tmeter .  The a c c u -  
r a c y  of t he  vo l tmete r  i s  0. 0 1%; however,  s i nce  it i s  u sed  t o  m e a s u r e  both 
voltage and  c u r r e n t  separa te ly ,  the e r r o r  in  the  e l e c t r i c  power m e a s u r e m e n t  
wi l l  be l a r g e r ,  Because  of t i m e  lag  in reading voltage and cu r r en t  separa te ly ,  
t h e r e  wi l l  be  a m a x i m u m  e r r o r  in e ach  of 0. 170, giving 0. 270 e r r o r  f o r  e l e c t r i c  
power  m e a s u r e m e n t .  
T h r u s t  h a s  a m a x i m u m  e r r o r  of 0 .  870 in the  dynamomete r  and 0. 5% in  
readout ,  giving a m a x i m u m  e r r o r  of about 1. 370 in the t h ru s t  measu remen t .  
Thc r rna l  l o s s e s  f r o m  the ex t e r i o r  of the t h ru s to r  a r e  calculated f r o m  
t e m p e r a t u r e s  indicated by thermocouples .  
The  ins t rumenta t ion  l i s t  with ranges  and  es t imated  a c c u r a c i e s  i s  shown 
in  t ab le  25. 
Meter 0-1 00 M V  
Electric power System 
: : Switch, DPST 
0 . .  
. . . Switch, DPDT 
Linear variable differential Hand valve 
transformer 
Flow meter $3 Solenoid valve 0 Pressure gage N Check valve Vent 
3 
Figure 30. Resistoiet Development Test System Schematic 
TABLE 25 
ELECTROTHERMAL LABORATORY INSTRUMENTATION LIST 
Ins t rument  
Brooks  ro t ame t e r ,  H2 
Brooks  ro t ame te r ,  NH3 
Brooks  ro t ame te r ,  wa t e r  
Grove  p r e s s u r e  r egu l a to r s  (2)  
Brooks  flow con t ro l l e r s  (2 )  
Magnevac gage ( p r e s s u r e  in  t e s t  
c h a m b e r )  
Digital vo l tme t e r  ( th rus to  r power) 
Tr ip le t t  m e t e r s  ( c u r r e n t  and 
voltage,  secondary  m e a s u r e m e n t )  
Sorenson  power  supply 
Honeywell s t r i p  c h a r t  r e c o r d e r  
( t h r u s t  r e c o r d )  
Honeywell mul t ipoint  r e c o r d e r  
( t e m p e r a t u r e s )  
Low - t h ru s t  dynamomete r  
He ise  p r e s s u r e  gages  (2)  
NRC ionizat ion gage 
B 
Range 
0.0015-0.018 g / s e c  
0.005-0.055 g /  s e c  
0 .8 -8 .0  g / s e c  
0 to 300 p s i a  
- - - 
l p m t o 5 0 0 m m H g  
10-4- 103 V 
0- 10V 
0-  100 A 
0-20 V 
0- 125 A 
0-5  m V  
0- 1 2 7 3 ~ ~  
0. 1 m l b  - 1. 5 lb  
0 - 100 p s i a  
0 - 100 p s i a  





- - -  
- - -  
* 0 . 5 p m H g  
*0. 1 m V  
270 of ful l  s ca l e  
*O. 07570 
*I25 m A  
*O. 2 570 
*O. 2570 
*3 .  5% 
*O. 870 
*O. 170 of ful l  
sca le  
*2 70 
Calibration procedures.  - Many of the instruments,  such a s  gages and 
m e t e r s ,  used in the development t e s t s  of the 0.044-N (10-mlb) thrustor  a r e  
calibrated in the ~a rquardt Standards Laboratory using normal  procedures  
Special calibration procedures f o r  instruments  used to make performance 
measurements  a r e  described in the following paragraphs.  
Dynamometer: The f i r s t  step in calibration of the flotation- type, low- 
thrust  dynamometer is  to adjust the body of the l inear  variable differential 
t ransformer (LVDT) so that the output i s  l inear  over  the range to be used. 
This occurs  when the core  moves symmetrically about the midpoint of the 
t ransformer.  
The dynamometer is calibrated by means of hanging precision weights on 
a l ine connected to a pulley. The pulley is  attached to the thrustor  by means 
of a fine monofilament line concurrent with the thrust  axis.  The pulley 
rotates (through a smal l  angle) on a Bendix flexure. The dynamometer i s  
calibrated before and af te r  each thrustor  test .  A typical calibration curve i s  
shown in fig. 31 .  
Rotameter s :  The rotameter  s used to measure  propellant flow ra te  
present  a problem because of the low flow ra t e s  used and the differences in  
the densit ies of the propellants relative to a i r .  Two methods a r e  used to 
calibrate the H 2  rotameter .  In the f i r s t  method, the gas  i s  exhausted through 
the rotameter f rom a smal l  container with a known, fixed volume, and the 
changes in p res su re  and temperature with t ime a r e  noted. The m a s s  flow 
ra te  i s  then 
where V i s  volume, At i s  the t ime interval,  andApis the change in  density, 
which is directly proportional to the change in the p res su re -  to-temperature 
ratio. 
The second method i s  to at tach a la rge  balloon to the table of a laboratory 
balance and flow H2 through the ro tameter  into the balloon. A t imer  i s  
s tar ted when the balance swings through zero and a m a s s ,  m l ,  i s  added to the 
balance. After a t ime, At, has elapsed, the buoyant force  on the HZ-filled 
balloon causes the balance to swing through ze ro  again, a t  which t ime the 
t imer  i s  stopped. The m a s s  of Hz flowing into the balloon in the t ime, At, 
i s  mAt; it i s  a l so  equal to pH AV. The buoyant force  on the balloon i s  2 
where g is the accelerat ion due to gravity. The change in buoyant force,  AF, 
in t ime,  At,  is 
1 .O 2.0 3.0 
Thrust (grams force) 
Thrust (N) 
Figure 31. Dynamometer Calibration Modei i 28  
Substituting for  AV gives 
(Pair - 
AF = g&At  
' 
AF i s  also equal to m g, o r  1 
Both methods were  used over  a flow ra t e s  range f rom 0.002 to 0.018 g / s e c  
and a p res su re  range f r o m  (100 to 300 k ~ / m Z )  (1 to .3 atm).  
NH3 presents  a different problem. While lighter than a i r ,  i t  i s  much 
heavier than Hz, and the balloon method i s  marginal  a t  best .  A volumetric 
flow calibration device, a s  used in the Marquardt Standards Laboratory, i s  
employed a s  well a s  the fixed-volume/pressure-change method used in the 
Hz - ro tameter calibration. A typical ro tameter  calibration curve i s  shown in 
fig. 3 2 .  
Power measuring devices:  Power i s  measured  by combining the meas -  
urements  of voltage and current .  Voltage i s  measured  with a digital voltmeter 
(pr imary  measurement)  and a D'Ar sonval m e t e r  (secondary).  Cur rent i s  
measured by the millivolt output f r o m  a precis ion shunt. This i s  read on a 
millivolt m e t e r  and on the digital voltmeter (pr imary) .  
The shunts a r e  calibrated in the Marquardt Standards Laboratory. All 
m e t e r s  a r e  then calibrated in the tes t  sys tem to eliminate line losses .  
Thrustor Per formance  Evaluation. - After the thrustor  has  been installed 
and aligned, the ent i re  sys tem i s  leak-checked. The nozzle is stoppered, and 
the system i s  evacuated and then checked on a mass - spec t romete r  leak 
detector using helium. Then the stopper i s  held in the nozzle, and the sys t em 
i s  pressurized with H2. The H2 supply i s  closed off, and the drop in p r e s s u r e  
versus  time is  noted. The maximum tolerable  H2 leak r a t e  i s  3 x 10-5 g / s e c  
o r  0. 5% of the design flow rate .  
When the sys tem i s  tight, the dynamometer i s  calibrated and the cell  
closed. H 2  flow with no e lec t r ic  power i s  then initiated and adjusted to cold- 
flow operating conditions. All data a r e  then read and recorded. 
All data taken during the application of power a r e  immediately reduced and 
plotted on control char t s  so  that deviations f r o m  expected per formance  can be 
noted quickly. Tempera tures  of such c r i t i ca l  a r e a s  a s  braze  joints and outer  
case  a r e  continuously plotted versus  specific impulse a n d / o r  e lec t r ic  power. 
Specific impulse versus power and res i s tance  ve r sus  power a r e  a l s o  contin- 
uously plotted, This process  i s  repeated with NH3. 
The definitions of a l l  the per formance  p a r a m e t e r s  a r e  given in the Appen- 
dix. Experimentally the heater  efficiency, q ~ ,  i s found by calculating the 
thermal  power lost, P I ,  f r o m  the thrus tor  envelope by means  of a tempera-  
ture  survey. The loss  t e r m s  a r e  the rma l  radiation f r o m  the sur face ,  t he rma l  
Figure 32. Caiibrarion o i  i i 2  iiuiiifiaiai 
conduction to the mount and down the electr ical  leads.  The power in the jet 
i s  found f rom eq. (6) and q~ f r o m  eq. (7). Equation (9)  supplies the basis  f o r  
the nozzle efficiency qN. 
A-2 Thrus tor  Tes ts  
Fig. 33 shows the Model I instrumented, ready for  test .  
Initial tests--May 23 to 26, 1967. - In the init ial  tes t s  on H2 and NH3, 
the thrustor  was not taken to the specific impulses f o r  which i t  was designed. 
Using the cold resis tance and a n  assumed tempera ture  distribution, the hot 
resis tance of the thrustor  was calculated to be 0. 15 ohms a t  2 4 2 0 ~ ~  gas 
temperature.  As i t  turned out, this was too low, and the specific impulses 
attained were 667 and 325 sec  on H2 and NH3, respectively. 
The heat losses  f rom the exter ior  of the thrus tor  were  calculated, and 
the resulting heater  efficiency confirmed suspicions that the gas tempera ture  
was, in fact, lower than 2 4 2 0 ' ~  (probably c loser  to 2 2 0 0 ~ ~ ) .  Thermal  con- 
duction losses  through the power leads were  much l a r g e r  than expected. 
Plotting the previous res i s tance  data versus  tempera ture  (calculated f r o m  
energy consideration) and extrapolating to 2420°K gave a new targe t  res i s tance  
of 0. 156 ohms. 
Second test  se r ies - -June  6, 1967. - F o r  this second t e s t  s e r i e s ,  a n  
at tempt  was made to reduce conductive los ses  by decreasing the conductive 
a r e a  of the power cables and by placing pyrolytic graphite washers  between 
the insulation cover and the mounting bracket.  These  measures  were  effec-  
tive to some extent; la ter ,  redesign of the power leads and mounting bracket  
produced fur ther  improvement. 
The performance of the thrus tors  during the second t e s t  s e r i e s  i s  sum-  
mar ized  in table 26 and in figs. 34through 37. Some of the points shown may  
have been taken before thermal  equilibrium was established; however, the 
maximum points a r e  probably stable. The specific impulses of 739 s e c  (HZ) 
and 344 sec (NH3) compared with theory indicate that the gas tempera ture  i s  
a t  leas t  2420°K, the target  temperature.  
Extended performance test--June 7 and 8, 1968. - After the second t e s t  
s e r i e s  on H:, and NH2 had shown that predicted performance could be achieved, 
L. J A 
an  extended test  was conducted using H2 propellant. The thrus tor  operated 
f o r  25 hours a t  specific impulses above 700 sec.  
During this  test ,  t he re  were  some fluctuations in e lec t r ic  power (of 15 watts 
magnitude) without any detectable change in res i s tance .  These  a r e  a s  yet 
unexplained. However, the resultant i nc rease  in  e lec t r ic  power f o r  the same  
specific impulse and thrus t  between the s t a r t  of the 24-hour t e s t  and l a t e r  
measurements  indicates a decreas ing  efficiency. As the tes t  progressed,  a 
change was noticed in the insulation around the nozzle which was visible 
through the t e s t  cell  window. Also, one by one, the thermocouples on the 
outer case failed. The evidence pointed to high c a s e  tempera tures  causing 
deterioration of the insulation and the re fo re  decreas ing  hea ter  efficiency. 
Figure 33. Instrumented (Model I )  Resistojet and Mounting Bracket 
TABLE 26 
PERFORMANCE SUMMARY 
Pe r fo rmance  p a r a m e t e r s  
Thrus to r  
Throa t  d i ame te r ,  c m  
Area  rat io 
Prope l lan t  
Voltage, V 
Cur ren t ,  a m p s  
E l e c t r i c  power ,  W 
Total  power, W 
Thrus t ,  g r a m s  f o r c e  
M a s s  flow, g r a m s /  s e c  
Specific impulse ,  s e c  
2 Chamber  p r e s s u r e ,  k N / m  ( a t m )  
0 G a s  t em pe ra tu r e ,  K 
0 Maximum e x t e r i o r  t empe ra tu r e ,  K 
Th rus to r  r e s i s t ance ,  o h m s  
T e s t  c e l l  p r e s s u r e ,  m i c r o n s  
E l e c t r i c  power efficiency,  ? :k 
0 
Ove ra l l  efficiency, qo 
Heater  efficiency, l ? ~  
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Figure 34. Resistojet Specific Impulse vs. Electric Power 
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Figure 35. Total Power Overall Efficiency 
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Figure 36. Specific Impulse vs. Gas Temperature 
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Figure 37. Electrical Characteristics 
Post-run inspection confirmed suspicions that the insulation had been 
overheated; the insulation was char red  wherever i t  had been exposed to 
tempera tures  grea ter  than 1 2 7 0 ~ ~  (maximum continuous duty temperature 
for Min-K-2000). The data for  the extended t e s t  a r e  summarized in 
figs. 38 and 39. 
It was concluded f rom these tes t s  that: 
I (1) Efficiencies a r e  somewhat lower than anticipated. 
(2) Thermal  conduction losses  a r e  greater  than originally predicted. 
(This par t ly  accounts for  the lower efficiencies. ) 
( 3 )  The maximum tempera tures  of the outer case  a r e  probably in the 
1 6 0 0 ~ ~  range, which i s  significantly grea ter  than predicted. 
These conclusions indicated that future tes t s  would require  the use  of 
higher tempera ture  insulation near  the outer case.  Also, the e lec t r ic  leads 
would have to be modified to reduce conduction losses .  These measures  
increased the efficiency (as  subsequent tes ts  verified). 
I A-1 Thrustor  Tes t s  
I 
On July 18 and 19, 1967 the A-1 thrustor  was tested on H2 and NH3, 
respectively. During both the H2 and NH3 tes t s ,  s ix  points were  taken a t  
1 -hour intervals  to allow ample t ime for  thermal  stability. 
These  t e s t s  marked the f i r s t  u se  of the new electr ical  leads with s tainless-  
s tee1 t h e r m a l  dams. Conduction 10s s e s  were  reduced considerably, and the 
resultant hea ter  efficiencies were  much improved over the ea r l i e r  tes t s  with 
thin copper dams of the same dimensions. 
1 The resu l t s  of these tes t s  a r e  presented in table 27 and in figs. 40 
I 
through 43. Decreased nozzle performance, compared to the A- 2 engine, 
with i t s  20. 1:1 a r e a  ratio, was observed. This i s  because of increased vis- 
cous loss  a s  compared to the increase  in expansion performance f r o m  the 
l a r g e r  a r e a  ratio nozzle. 
Model I Test Summary 
As shown in figs. 44 through 46 and in table 26 (which summarizes  the 
t e s t  r e su l t s  of both the A-1 and the A-2 thrus tors ) ,  the A-2 thrustor  had a 
significantly higher nozzle efficiency than the A-1. This i s  because of the 
higher viscous losses  in the longer A-1 nozzle (A/A" = 110). On the other 
hand, because of lower conduction losses through the modified power cables 
with s ta in less -s tee l  heat dams,  the heater efficiency of the A- 1 thrustor  was 
considerably higher than that of the A-2. 
Composite performance curves,  using the A- 1 heater  efficiency and the 
A - 2  nozzle el'liciefizi-, =ere  plotted (figs. 47 and 48) in a n  attempt to predict  
the per formance  of the Model 11 thrustors .  
Elapsed time (hr) 
Figure 38. Electrical Characteristics vs. Elapsed Time--2CHour Test 
Elapsed time (hr) 
Figure 39. Specific Impulse vs. Elapsed Time--2CHour Test' 
TABLE 2 7  
Prope l lan t  
E l ec t r i c  power, W::: 
Voltage, V 
Cur ren t ,  a m p s  
Thrus t ,  g r a m s  fo r ce  
A- 1 THRUSTOR PERFORMANCE SUMMARY 
M a s s  flow, g / s e c  
Specific impulse ,  set::: 
Leading per formance  p a r a m e t e r s  
Tes t  date 
2 Meter ing p r e s s u r e ,  k N / m  (ps ia )  
Meter ing t empera tu r e ,  O K  
2 Inlet p r e s s u r e ,  k N / m  (ps ia )  
Data point number  
Inlet g a s  t e r n p e r a t u r e , O ~  
150 
7- 18-67 
Tes t  c e l l  p r e s s u r e ,  pm ~g 
Max. t empe ra tu r e ,  ou te r  shell,  O K  
T h r u s t o r  r e s i s t ance ,  ohms::: 
Es t ima ted  g a s  t empe ra tu r e  O K  
2 T h r u s t o r  chamber  p r e s s u r e ,  k N / m  (psia)  
157 
7- 19-67 
E l e c t r i c  power efficiency, q :: 
o  
Ove ra l l  eff iciency,  q 2: 
0 
1   eater efficiency, q :' 
I H '  




Figure 40. Power Summary (HZ) 
Figure 41. Power Summary (NH3) 
Gas temperature ( O K )  
Gas temperature ( O K )  
Figure 43. Electric Power vs. Gas Temperature 
Chamber temperature (OK) 
Figure 44. H2  Efficiencies 
Chamber temperature (OK) 
Fiaure 45. N H3 Efficiencies 
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Figure 47. Specific Impulse vs. Electric Power 
Electric power (W)  
Figure 48. Overall Total  Power Efficiency vs. Electric Power 
MODEL I1 DESIGN AND FABRICATION 
Design 
1 In the in te res t  of improved performance with respect  to long-duration 
~ 
tes ts ,  s eve ra l  improvements in the original Model I design were  required. 
In addition, some changes were  made  for  reasons of economy and ease  of 
assembly.  These  changes resulted in  the Model I1 configuration used in the 
I 100-hour tes t .  This i s  shown in fig. 49. The Model I1 thermal-expansion 
I compensator was found to be inadequate. A force  unbalance caused the inner 
element to elongate unnecessarily,  a s  i s  described la ter .  The compensator 
was redesigned. The resultant final Model I1 is  shown in fig. 50, and i t s  
differences and improvements over Model I a r e  described below. 
I 
I Structure.  - The inner and .outer p r e s s u r e  cases  of Model I required long 
fabrication t imes  because of their  geometry; therefore,  cost  was high. The 
change was made  to straight-rolled and welded sheet tubes. Originally, 
5070 molybdenum/50% rhenium was selected because of i t s  availability and 
low cost. La ter ,  because the alloy exhibited joint cracking and because it 
was discovered that walled rhenium tubes could be made, pure  rhenium was 
used. The inner  c a s e  i s  made in  two par t s  and brazed. 
The inner -case  stem--one of the par t s  subjected to lower tempera tures- -  
i s  made  of annealed 1 / 2% titanium-molybdenum, ra ther  than rhenium, because 
this a l loy  of fers  better e lec t r ica l  conductivity and machinability compared to 
rhenium. This  permitted the dril l ing of a 1. 4-mm-diam cent ra l  hole approxi- 
mately 5 c m  (for the vacuum- jacket vent). 
I The inner  hea ter  retains i t s  f o r m e r  configuration; however, i t  i s  made 
f r o m  th ree  s imple p a r t s  instead of one because of difficulty in  fabrication. 
These  a r e  electron-beam welded. 
~ The c a s e  cover, previously cut f r o m  b a r  stock, i s  quickly stamped f r o m  
shee t  rhenium. 
The outer  heating element i s  tapered to  allow grea ter  c learance nea r  
I the nozzle. 
The housing mount has  been changed in seve ra l  ways. It i s  now dri l led 
and tapped f o r  rigid mounting (previously the thrus tor  mount was attached to 
the cover  of the insulation housing). One end of the insulation housing i s  now 
in tegra l  with the housing mount. Also, the propellant line, previously con- 
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Figure 50. 10 mlb Resistojet Model II 
- 
The joints now a l l  offer high-temperature capability, with the insulator-  
fitting b raze  (0. 72 Ag-28 Cu) showing the lowest, a t  a melting point of 1 0 5 3 ~ ~ .  
Fig. 50 summarizes  the joint types. The final joint i s  done by electron-beam 
welding s o  a s  not to lock in initial s t r e s s e s  between the inner  and outer 
assembl ies .  
The guard i s  now made a radial  guide, a s  shown. This was introduced 
because of the change in axial  location of the e lec t r ica l  insulating pins 
described below. 
0 Nozzle. - A conical nozzle was chosen of a r e a  ratio 32: l  with a 22 half 
angle. The geometric throat d iameter  was 0. 465 m m  with a meridianal  wall 
curvature of 0.66 rnm. 
Electr ical  insulators.  - A l a r g e r  ceramic-meta l  insulator was used. 
The space r  pins have been changed in geometry f r o m  a cylinder to a m o r e  
substantial "bar.  I '  The spacer  was moved 4. 8 c m  toward the propellant inlet 
to a cooler ( 5 0 0 ~ ~  reduction) location. 
A new part ,  a boron nitride washer, has been introduced between the snap 
tube and insulator to prevent the the rma l  shield f r o m  inadvertently shorting 
the outer heating element to the snap tube in the event of axial  movement. 
Thermal  insulators.  - The inner radiation shield was changed f r o m  
tantalum to rhenium foil to avoid the long-term hydriding problem. The thick- 
ness  desired,  0. 013 m m  (0. 0005 in. ) i s  l e s s  than that present ly known to be 
available, 0. 030 m m  (0. 0012 in. ) in sheet  rhenium. The number of turns  of 
the shield was reduced to four to accommodate the available thickness.  Only 
minor  thermal  losses  (0. 570) a r e  involved with this change but with a signifi- 
cant improvement in shield life. 
During tes t s  of the Model I th rus tor ,  some destruction of the Min-K 
insulation occurred.  A layer  of h igher - tempera ture  insulation (Dyna-Quartz), 
which will withstand continuous t empera tu res  of 1 7 8 0 ~ ~  has  been added to 
protect  the Min-K (table 28). 
TABLE 28 
HIGH-TEMPEFUTURE THERMAL INSULATION COMPARISON 
Maximum continuous 
se rv ice  tempera ture  




Trade  name"' 
Dyna-Quartz 
Min K- 2000 
:::John-Mans ville 
Density 
g / c m 3  
0. 16 
0. 26 
Thermal  conductivity 
a t  1 2 7 3 O ~  
watts /cm°K 
1. 60 l o 4  
0.46 x 
In addition, s eve ra l  layers  of radiation shielding have been added between 
the outer case  and the Dyna-Quartz, to reduce the rma l  losses  and protect 
the insulation. The insulation housing was enlarged f r o m  3. 5-cm to 5. 0- c m  
diam to accommodate the extra insulation. 
Thermal  Expansion Compensator. - The purpose of the compensator i s  
to allow the inner heating element to expand thermally in the axial  direction 
relative to i ts  external par t s ,  with only minor s t r e s s e s  induced. 
The axial  growth of the inner assembly  relative to the outer i s  permitted 
by the bellows. The physical character is t ics  (that is ,  spring constant, k, and 
effective a rea ,  A) of the bellows a r e  selected s o  that the spring force t e rm,  
I (k b ) ,  acting against the net thermal  expansion, 6 ,  is  compensated by the 
, integrated p res su re -a rea ,  Jpda, or  "piston" t e r m  a t  the design condition. 
I 
. ' .  The la t te r  t e r m  in this case  can be closely represented by P A. 
. Hence, eq. (35). supply 
Table 29 shows the approximate level of the forces  and thermal  expansions 1 in the ea r l i e r  two models a s  compared with the final design. Note that the 
level of forces  has  been great ly  reduced. The net load i s  thus relatively 1 insensit ive to pa r t  tolerances.  
The force  levels of Model I1 (fig. 51)  have been reduced one order  of 
magnitude (by the significant reduction in bellows effective a rea )  and a r e  but 
one-half of those for  Model I. The thermally induced compression load with- 
out any compensating p res su re  balancing (for example, a high-temperature 
no-flow case )  is  now l e s s  than one-fifth of the load computed to buckle the 
I inner column a t  design temperature.  
The exact value of the net force  i s  unimportant because i ts  magnitude i s  
small .  A minor thermal  c reep  of the inner element would ultimately remove 
a l l  loads a t  design. F o r  the tabulated value of imbalance of 0. 8 N this c reep  
calculates to be approximately 0. 04  mm. 
In its final configuration, the bellows has  an  ID of 3. 7 m m  (nominal). 
Adequate c learance  is thus ~ r o v i d e d  as  compared to  the OD of the s t em of 
2. 5 mm,  and any ~ o s  sibility of binding i s  remote.  
Fabrication 
The f i r s t  thrustor  (Serial  No. B- 1) was assembled using the molybdenum- 
rhenium al loy tubes. This required two d iss imi lar  metal  weld joints to 
rhenium. Sample pieces of this alloy tubing w e r e  purchased and welded to 
pure  rhenium to t e s t  the proposed design. The sample welding was successful 
(leak tight), and pa r t s  were  ~ u r c h a s e d .  During assembly of the actual engines, 
T A B L E  29 
EXPANSION COMPENSATOR COMPARISONS 
- - 
I t e m  
Bel lows  s p r i n g  cons t an t ,  N / c m  
( lb f l i n .  ) 
Bel lows  ef fec t ive  a r e a ,  c m  2 
(in.  ') 
Net  t h e r m a l  expans ion ,  mm (in. ) 
T h r u s t o r  supply  p r e s s u r e ,  
~ / r n ~  ( p s i a )  
Bel lows  s p r i n g  f o r c e  at des ign ,  
N ( lbf)  
Bel lows  p r e s s u r e  f o r c e  a t  des ign ,  
N ( lb f )  
Ne t  t e n s i o n  on  hea t ing  e l e m e n t  at 
des ign ,  N ( lbf )  
L 
Model  I1 
212 (120)  
0. 194 (0. 030)  
0. 28 (0.  0  11)  
3. 4 4  x l o 5  (50 ) .  
5. 92 (1. 32) 
6. 7  (1. 50)  
0. 8 1  (0. 18) 
Mode l  I 
290 (164)  
0. 504 (0. 078)  
0. 407  (0. 016)  
3. 03  x l o 5  (41) 
1 1. 7  (2.  62)  
15. 4  (3. 43)  
3. 63 (0. 81)  
T h r u s t o r  
Mode l  I1 
403 (228)  
1. 3 6  (0.  210)  
0. 305 (0. 012)  
3. 44  x l o 5  (50) 
12. 3  (2.  74) 
47. 1  (10. 50)  
34. 8  (7.  76) 
I Figure 51. Model 11-82 Resistojet Instrumented for 100 Hour Test 
however, the weld joints exhibited slight cracking. Later ,  this was found to 
have been caused by the formation of br i t t le  intermetall ics,  compounds 
MoZRe3 and Re4Mo, (cr and X phase,  respectively) in the weld joints. 
When the change to molybdenum- rhenium tubes was originally made, pure  
rhenium tubes were  not readily available. However, when the welding problem 
was encountered, i t  was discovered that the same tubes made of pure  rhenium 
could be supplied and that this was c lear ly  a super ior  technical choice. This 
change was made and the new mate r i a l  quickly supplied by Cleveland Refrac-  
to ry  Metals (a division of Chase B r a s s  and Copper Company). 
When the rhenium tubes a r r ived ,  the B- 2 thrus tor  was quickly assembled  
and made ready for tes t  (fig. 51). Some changes were  made in assembly  
procedure a s  compared to the Model I. The bellows i s  e lectron-beam welded 
to the housing mount, and the outer  case  i s  gold brazed to housing mount. The 
gold-braze has a tempera ture  capability of 2 0 1 0 ~ ~ .  
The B-2 thrus tor  i s  shown instrumented and attached to i t s  dynamometer 
mounting stand in fig. 5 1. 
MODEL I1 TESTS 
Testing of the Model I1 thrustor  was begun on August 31, 1967. Power 
was applied in approximately 1 -hour intervals,  reaching design conditions 
a f te r  5 hours.  The part ia l  power-performance data gathered during s tar tup 
a r e  shown in figs. 52 through 54. 
100-Hour Test 
The engine operated continuously for  100 hours  a t  specific impulses  well 
above 700 sec.  Tes t  data a r e  shown in figs. 55 and 56 and in table 30. 
After the 100-hour test ,  a 20-hour t e s t  on NH3 was attempted. Abnormal 
e lec t r ica l  charac ter i s t ics ,  indicating a short ,  forced the NH3 tes t s  to be 
terminated. The instrumentation was checked and calibrated, the data were  
part ia l ly  reduced, and the unit was partially d i sas  sembled. This examination 
has  resulted in the following conclusions: 
(1) The unit had been operated a t  a n  estimated gas temperature of 2 6 0 0 ~ ~  
(as  compared to the design of 2350°K) for  approximately half the t e s t  duration. 
Pos t - tes t  calibrations showed that a supposed dynamometer zero  shift had not 
occurred.  
(2) A severe ,  misbalance in the thermal- expansion compensator caused 
the inner  element  to c reep  thermally (to elongate). 
(3) The permanently elongated 0. 863-cm ( -  0. 34-in. ) inner element 
caused locked-in high compressive loads because the bellows were  not allowed 
to re turn  to  the normal  position. These loads, coupled with a fast  shutdown 
f r o m  a greater-than-design specific-impuls e condition, caused the inner 
element to buckle. 
NO such fai lures  were  experienced with the Model I design af te r  many 
hours  a t  a comparable temperature and many shutdowns. A comparative 
analysis  was made of the Model I and Model I1 (100-hour unit). See table 29. 
The final thermal-expansion compensator configuration for  the Model I1 shown 
in fig. 50. This configuration of the Model I1 was used fo r  a l l  subsequent 
testing. 
Electric power (W)  
Figure 52. Model  II H 2  Resistojet Specific Impulse vs. Electric Power 
200 400 600 800 1 000 12 000 
Specific impulse (sec) 
Figure 53. Model II H2 Resistojet Overall Total Power Efficiency 
Electric Power (W) 
Figure 54. Model II H2 Resistojet Electrical Characteristics 
Time (hr) 
Figure 55. Thrustor Performance --Model I I -B2  Resistojet 100-Hour Test (H2) 
Time (hr) 
Figure 56. Electrical Performance -- Model 11-62 Resistojet 100-Hour  Test (H2) 
TABLE 30 
B-2 THRUSTOR PERFORMANCE SUMMARY 
Item 
7 
Data point no. 
Tes t  date 
Propellant 
.*I 
Elec t r ic  power, watts'" 
Voltage, volts 
Current,  A 
Thrust,  g r a m s  force  
Mass flow, g / s e c  
-8, 
Specific impulse, s e c "  
2 Metering p res su re ,  k N / m  (psia) 
Metering temperature,  O C  
Inlet p res su re ,  kN/m2 (psia) 
Inlet gas temperature,  O C  
Tes t  ce l l  p re s su re ,  ~ m H g  
Maximum temperature,  outer shell, OC 
J, 
Thrus tor  resistance, ohms'" 
Est imated gas temperature,  OK" 
Thrus tor  chamber p res su re ,  kN/m2 (psis)" 
.I, 1Elec t r ic  power efficiency, qo 
.I, 1- 













354 (51. 4) 
31. 75 






207 (30. 0) 
0.637 
0.579 
Steady-State Performance with Varying Electr ic  Power 
The thrus tors  have been calibrated over the range of e lec t r ic  power f r o m  
zero-to-design in two modes of operation: constant thrust  and constant- 
supply pressure .  Both types of data a r e  valuable. The constant (design) 
thrus t  data a r e  useful for  selecting the design point. The control mode fo r  
MORL employs a constant-supply p res su re .  The constant- supply p res su re  
data  a r e  useful pr imar i ly  for determining the operational thrus t  variation 
between cold flow and design conditions. The design-point data for  both se t s  
a r e  the same.  
It was originally believed that these two modes were  essentially the same.  
On a perfect gas basis,  constant chamber p r e s s u r e  implies constant thrust  
independent of chamber temperature.  However, a real-gas effect, the p r e s -  
s u r e  drop f rom inlet (supply) to nozzle chamber, va r i e s  substantially f r o m  
cold flow to design conditions, because of a transit ion f r o m  turbulent to 
laminar conditions, respectively. 
Constant-thrust charac ter i s t ics ,  - Figs.  57 and 58 show the constant- 
thrus t  mode charac ter i s t ics  for H2 and NH3, respectively. The associated 
supply p res su re  varied f rom (34. 4 to 51 ps i a )  and (27. 7 to 42.8 psia),  
respectively, f rom zero-to-design e lec t r ic  power. Note that the efficiencies 
cited a r e  total  power ones. That i s ,  the thrus tor  i s  charged with both the 
init ial  power in the gas and the e lec t r ic  power. On the basis  of overal l  e lec-  
t r i c  power efficiency, q':' (electr ic  power only charged) a t  the maximum points 
these were 0. 62 and 0.45 for  H2 and NH3, respectively. 
The throat s ize  for  the Model I1 thrustor  used was 0.472 mm. The cell  
p res su re  a t  the maximum specific impulse conditions were  12. 5 and 9 pm Hg, 
respectively. 
Constant-pressure charac ter i s t ics .  - Fig. 59 shows the steady-state 
performance a t  a constant-supply p r e s s u r e  of 3.44 x 105 ~ / m 2  (50 psia)  
for Hz. The useful information over that of fig. 57 i s  that the cold-flow thrust  
in this  mode i s  0. 072 N compared to 0.044 N a t  design o r  5570 higher. 
The corresponding thrusts  f o r  NH a t  2. 82 x l o 5  ~ / m ~  (41 psia)  supply 
p res su re  again gives a cold-flow t h r u s j  of 0. 072 N compared to 0. 044 N a t  
design. 
Model 11 Design Verification Tes t s  (DVT) 
The Model I1 resistojet ,  S /N  B-2, (shown in fig. 60) was assembled a s  
defined by fig. 50. This thrustor  me t  a l l  the objectives of the Design Verifica- 
tion Tests  (DVT). The unit was f i red to a thrus t  of 0. 044 N (10 mlbf)  and 
specific impulse of >680 sec  on H2 and >320 sec  on NH3 propellant for 20 hours  
each. It was subsequently cycled on and off f rom the >680 s e c  condition on a 




Constant Supply Pressure Mode 
Ps = 3.44 x 105 ~ / m 2  (50 psia) 
B-2 Thrustor 
Test date: November 22, 1967 
8.0 8.0 x 10-2 
7.0 
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5.0 5.0 
4.0 4.0 
Specific impulse (sec) 
Figure 59. Model I I Steady-State Performance Charac ie~ is i i t~  (M2) 
- 
Figure 60. Model II - B2 Resistojet After Design Verification Tests 
Steady des ign operation.  - The  s t e ady - s t a t e  p e r f o r m a n c e  da ta  ga thered  
dur ing  each of the  phases  of DVT a r e  s u m m a r i z e d  in  table  31 f o r  H2 and 
table  32  for NH3. Data w e r e  taken a t  l e a s t  e v e r y  2 hou r s .  
The  th rus t  data  p resen ted  a r e  conserva t ive .  T h e s e  t e s t s  r evea led  that  
c e l l  p r e s s u r e ,  while 100 t i m e s  lower  than  that  r equ i red  f o r  invisc id  ful l  
expansion of the nozzle,  neve r the l e s s  had a pronounced effect  on t h r u s t  
pe r fo rmance .  
Cyclic pe r fo rmance .  - The object ive  of the  cycl ic  t e s t  was  to demons t r a t e  
the ability of the t h ru s to r s  to  withstand sudden s t a r t i ng  and stopping. In t he se  
in i t ia l  tes ts ,  no spec ia l  e f f o r t  was  m a d e  f o r  h igh - r e sponse  valves  o r  au tomat ic  
t iming.  All controll ing was  done manual ly .  The  p rope l lan t  solenoid was  
energized approx imate ly  0. 7 s e c  p r i o r  t o  appl ica t ion of e l e c t r i c  power .  As  
the  hea te r  glow extinguished following power  shutoff ,  the  p rope l lan t  solenoid 
was  de-energized.  Extinction was  obse rved  by a rad ia t ion  p y r o m e t e r  focused 
upon t he  r e a r  dome of the ou te r  heat ing e lement .  
Hydrogen cycling: The  DVT r equ i r emen t  was  21 hou r s  of cycl ing on H2. 
This  consisted of 14 cyc les  of 1 hour  on and 112  hou r  off. T h r e e  addi t ional  
cycles  were l a t e r  pe r fo rmed .  (To ta l  h o u r s - -  s t eady-  s t a t e  and cycling on H2 
fo r  the  DVT th ru s to r  p r i o r  to  l i fe t e s t - - a r e  49. ) 
TAI 
(10-mlbf) RESISTOJET DESIGN VERIFICAT 
Item 
Elapsed time, hours  
Data point number 
Thrust,  N 
Thrust,  g rams  
Mass flow, g rams  / s e c  
Electr ic  power, watts 
Elec t r ic  power, kN/m 2 
Inlet p res su re ,  psia 
Specific impulse,  s e c  
Voltage, volts 
Current ,  amperes  
Inlet gas  tempera ture ,  O C  
Initial gas  power, watts 
Total power, watts 
Overall  power efficiency, qo 
J, -0. 
Overall  e l ec t r i c  efficiency, 'lo 
.b 
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( 10-mlbf)  RESISTOJET DESIGN VERIFICATIO 
I tem 
Elapsed t ime ,  hou r s  
Data point number  
Th rus t ,  g r a m s  
M a s s  flow, g r a m s  / s e c  
E l e c t r i c  power, wa t t s  
E l e c t r i c  power,  k N / m  2 
Inlet p r e s s u r e ,  p s i a  
Specific impulse ,  s e c  
Voltage, volts  
Cur ren t ,  a m p e r e s  
0 Inlet gas  t empe ra tu r e ,  C 
Ini t ial  ga s  power, wat ts  
To ta l  power ,  watts  
Overa l l  power  efficiency, q 
0 
J, -8- 
Overal l  e l e c t r i c  efficiency, qo  
4, 






























































C TESTS (NH3, 20 HOURS STEADY-STATE)" 
. 
Table 33 summarizes  the performance for each cycle approximately 
10 min. before shutdown. Figs. 61 through 63 show the t ransient  cha rac te r -  
i s t ics  during a typical cycle. Note, in fig. 59, that the t ime between power 
off and propellant off on shutdown for this cycle i s  about 2 sec.  The relatively 
long t ime constant for  p r e s s u r e  decay is pr imar i ly  a resul t  of the l a rge  
volume of the laboratory sys tem ra ther  than the volume of the thrus tor  itself. 
Thrus t  response, pr imar i ly  a function of the sys t em volume, was approxi- 
mately 2 sec.  The t ime to reach  design temperature,  a s  evidenced by r e s i s t -  
ance, i s  approximately 400 sec.  Note that, in this case,  no holding power 
was supplied during the "off" condition. 
Ammonia cycling: The cycling capabilities of the thrus tor  we r e  demon- 
s t rated,  a s  required, during DVT using H2 a s  a propellant. However, to 
plan the duty cycle requirements  for the life tes t ,  it was a l so  necessa ry  to 
obtain cycling data on NH3. To obtain these t ransient  charac ter i s  t ics,  th ree  
cycles  were  made. The "on" condition during cycling corresponded to those 
a l ready noted in table 32. Figs.  64 and 65 show the t ransient  performance, 
off and on. The total hours,  steady-state and cycling on NH3, were  28. 
The t ime to reach  thermal  equilibrium, a s  evidenced by reaching design 
th rus t  and resis tance,  was approximately the s a m e  for  both propellants, 
-400 sec.  
The cyclic control used he re  i s  adequate to demonstrate  life a s  influenced 
by the rma l  cycling and sublimation on the forthcoming life tes t s .  Thrus tor  
data  of the type h e r e  a r e  needed in the future for  sys t em design where the 
Model I1 resis tojet  has  (1) close-coupled high response valves, (2) automatic 
controls,  and (3) thermal  holding power supplied during nonthrusting period. 
Influence of Cell P r e s s u r e  on Observed Thrus t  
Phenomenon. - One of the established facts  of continuum gas flow through 
a nozzle a t  high Reynolds number i s  that, when the exparision f r o m  the stagna- 
tion conditions resu l t s  in a sonic velocity a t  the throat,  no additional increase  
in m a s s  flow ra t e  can be established by decreasing the back p res su re .  Simi- 
lar ly ,  t h e r e  can be no increase  in thrust except for  a relatively sma l l  
p res su re -ex i t  a r e a  effect te rm.  In effect, no signal can be t ransmit ted 
ups t r eam to influence the flow. 
Recent investigations (refs.  11, 12, and 13) have shown that a t  low 
Reynolds numbers  (high Knudsen numbers)  the above facts a r e  no longer t rue.  
The threshold of this  effect  and the effect itself a r e  not c lear ly  understood, 
It was  known that jets with thrusts  in the micropound c lass  a r e  strongly 
influenced by back p r e s s u r e  in the tes t  chamber,  but l i t t le o r  none were  
expected a t  the (10-mlbf) le tel .  The ea r ly  single thrustor  data came  close 
to  that predicted with cel l  p r e s s u r e s  of - 5 pmHg. 
TABL 
1 ( 10-mlbf) RESISTOJET DESIGN VERIFICATION 
FOLDOUT FRAME I 
- 
It e m  
Cycle 



















(1)  B-2 Thrus tor ;  November 27- 29, 1967. 
(2) Cycle: 1 h r  power on; 112 h r  power off alternately.  
(3) Data point takes 10 min (approx) before shutdown. 
(4)  T e s t c e l l p r e s s u r e  1 2 p m H g t h r u s t o r o n ;  4 p m H g t h r u s t o r o f f .  
2 
29 7 
Thrust,  g r a m s  4. 54 
Mass flow, g rams  / sec  0.00654 
Elec t r ic  power, watts 237 
Elec t r ic  power, kN/m 230 
Inlet p res su re ,  psia  (49.3) 
Specific impulse, s ec  69 5 
Voltage, volts 5.939 
Current,  amperes  39.9 
Lnlet gas temperature,  O C  24. 1 
Initial gas  power, watts 27. 4 
Total power, watts 264 
Overall power 
efficiency, 1, 0.574 
Overall  e lectr ic  



























































T E S T S  (H2, 21 HOURS, 66.77'0 DUTY C Y C L E )  
I Value 

Elapsed time from propellant on (set) 
Figure 62. Transient Performance -- Model I I  Resistojet 
Elapsed time from power off (sec) 
Figure 63. Thrustor Exterior Temperatures 

C:epsed rime from propellant on (sec) 
Figure 65. Transient Performance -- Model I I  Resistojet 
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- I B-2 Thrustor 
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I I l l  I 
Cell P r e s s u r e  Tests .  - In August 1967, performance of the vacuum 
station degenerated during tes t s  of the Model I thrustor .  A lower thrust  and, 
simultaneously, higher cell  p re s su re  were  observed a t  that time. 
Because of the multi-thrustor operation planned f o r  the life tes t s  and the 
resulting increase  caused in cell  p re s su re ,  i t  was decided to investigate the 
effect of cell  p ressure .  Tes ts  were  run on both H2 and NH3 a t  operating 
conditions ranging f r o m  cold flow to design performance over the full range 
of cell  p re s su res  possible. These resul ts  show (fig. 66) that a definite cell  
back-pressure effect exists in the range in which t e s t s  have been run. 
The effect i s  such that the measured thrust  i s  l e s s  than the same  unit 
would produce in space. Depending on cell  p res su re ,  the measured values 
were  from 4 to 12% lower than predicted. The effect i s  manifested on semi -  
log paper a s  the lower portion of an  "S" curve ( reversed) .  However, the 
upper portion of the curve has not been located because of vacuum sys tem 
limitations. Fig. 66 shows the dec rease  in specific impulse while operating 
on H2 that i s  caused by the cell  p r e s s u r e  lowering the thrust  ( for  the s a m e  
m a s s  flow and electr ic  power). At increasing cel l  p res su re ,  the curve 
approaches the performance of an  inviscid nozzle with AIA':' = 1. In like 
manner,  the upper pa r t  of the curve i s  expected to approach the theoret ical  
performance line (for optimum A/A":) shown. To verify the shape of the 
uppe'r part  of the curve, a ha rde r  vacuum will be required. 
This transit ion regime flow is  not fully understood. The cu r ren t  planning 
for life testing i s  to calibrate thrus tors  singly, periodically, using the same  
input conditions a s  during multiple-thrustor operation. The thrust  values 
during multiple operation will be used a s  a guide only. 
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CONCLUSIONS 
1. The specific-impulse objectives of the 0. 044-N (10-mlb) resis tojet  
design were  met  on both H2 and NH during hours of testing. Specific 
impulses of up to 750 sec  for  Hz ana 340 sec  for  NH3 were  measured. 
Life t e s t s  of progress ive  increases  in  specific impulse a r e  required 
to establish the thrustor  rating for  long life on each propellant. 
2. The method for predicting resis tojet  performance i s  confirmed within 
the accuracy of the presented experimental data using H2 and NH3 pro-  
pellants. The parameter ized performance curves m a y  be used for 
pre l iminary  design studies. 
I 3. The review of mater ia l s  for resis tojet  components using H2 o r  NH3 shows 
that a number of mater ia l s  a r e  suitable. Rhenium and 26% rhenium/ 
7470 tungsten a r e  the pr ime candidates for  the high-temperature elements. 
Which of these mater ia l s  i s  ultimately super ior  for  each use  can only be 
demonstrated by extended tes t s  to properly evaluate the combined 
I de ter iorat ing actions on them. 
4. Crit ical  loading on the inner element (both steady-state and t ransient)  
requi res  the smal les t  bellows diameter  to compensate for thermal  
expansion. The bellows spring constant must  be chosen s o  that the 
thermal ly  enduced force through the bellows expansion i s  balanced a t  
design by the p r e s s u r e  force axially. 
5. The the rmal-insulation package designed for a single (1  0-mlb) thrustor  
has  successfully passed a 100-hour test operating on H2 a t  up to 750-sec 
specific impulse. No deterioration was noted. 
6 .  No changes in throat dimension occurred a s  a resu l t  of the 100-hour 
testing. Life predictions indicate a life of thousands of hours. 
APPENDIX 
DEFINITIONS OF PERFORMANCE PARAMETERS* 
Specific impulse, Isp, sec 
where 
F = measured thrust by dynamometer, g 
= propellant mass  flow, g-sec- 1 
Electr ic  power to terminals,  Pe, watts 
P e .  = Et X It 
Et = electric voltage difference between thrustor 
terminals,  V (c )  
It = electr ic  current passing between terminals, amp (d 1 
Supply pressure ,  
ps = propellant p ressure  measured a t  a tee fitting 
at entrance to thrustor. (e)  
Note chamber p ressure  i s  not directly measured but is inferred from 
nozzle throat continuity calculations. 
:$A -means "definition.! 
Efficiency- -e lec t r ic  power overall, ?lo:: 
Efficiency- -total power overall, qo 
F x Isp 
A 
'0 - 20.8 (Pe t Pi) 
Initial power i n  gas, Pi, watts 
h = enthalpy of an ideal gas above absolute zero,  
OK, c a l l g m  (ref.  10) 
Power in the jet, P . ,  watts J 
P. = Pe + Pi - P 1  J 
P1 = heat lost  f r o m  the thrus tor  p r i o r  to the 
exhaust jet, watts 
Heater efficiency, qH 
Nozzle efficiency, q N  
means "definition." 
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